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31. INTRODUCTION
University of Padua, Nordica and other ski companies usullay collaborate toghether to improve ski 
and snowboard equipment performance concerning security while skiing. During the process of 
developing a new product or an improvement of an existing one, test track made by a tester and 
special test on laboratory using appropiate test-bech have a considerable importance.
The track tests are carried out by a skilled skier, who has its own size and that in times of tightening 
the boot, he will close it according to its own criteria of comfort and tightening sensation'' optimal''.
In this case, therefore, the human being to make decisions based on the tightening sensations can 
not therefore express quantitative values but only subjective opinions as little tight, too tight, very 
tight, very much tight. Therefore we leave unanswered questions such as: What force value is the 
boot closed? Where is it more closed? Does the force remain constant or does it vary during skiing?
In addition to test on track, NORDICA performs tests on test bench. To test a boot you need to put 
into the ski boot some kind of prothesis to be able to be tightened and urged on the bench.
Precisely for this reason the company has made a mold of the leg of the tester, that has been used to 
make a silicone leg with inside some metal prosthesis that simulates the foot, the ankle joint and the 
bones of the leg.
The prosthesis used is obviously passive and certainly not muscularly active and reactive like a real 
leg, it has lower lability on the foot and the ankle and is more rigid than a human leg. In some way 
the prosthesis is still unable to simulate the effect of the leg of the tester inside of the ski boot.
The reality is more complex because you have to keep in mind that the interaction between leg and 
boot and between prosthetic and boot is diffent and so it will influence the test on the bench.
That is why, we want to have information on the force performed on the buckles by the tester during 
skiing, to learn the values and then to transfer them to the model that will be used on the test bench.
Actually university of Padua isn't able to test ski boots and collect information like NORDICA or 
other companies because a machine to test ski boots doesn't exist yet. So, in this work, we also build 
a machine able to work in torque and rotation control to test ski boots and evaluate the stiffness of 
boots, by adapting a proper frame to a servohydraulic torsion bench. So University of Padua too 
will be able to evaluate boots parameters, and compare them among different ski boots brands.
4Moreover another purpose of the study is to analyze and compare the structural behaviour of some 
ski boots according to a double aspect:
- Global structural behavior in bending of the sky boot.
- Structural behaviour of some specific parts of the boot, through strain gauges and load cells 
designed to check clamping forces acting on buckles.
52.
SKI BOOT DAHU
ABSTRACT
The aim of the work was to test the innovative boot DAHU before selling it on the market.
KEYWORDS:
alpine ski-boot, lab test, flex index, stiffness.
62.1. INTRODUCTION
The object of the study is an innovative ski boot 
xhiamato DAHU which is being developed at the 
company Design & Develop in Asolo (TV). The 
innovative aspect of the product is its operating 
principle: an exoskeleton to be anchored to the 
attacks of the slopes, it features a shoe to be worn 
comfortably. When you stop, you can remove the 
liner from the outer cage to walk freely, to pause in 
shelter or even drive a car. Particular attention during 
the development of the product has been paid 
to the easy of use, comfort and design that is 
an essential element.
The boot is studied during its final phase of 
checking of the prototype in its final form 
before marketing.
Fig. 2.1. Ski boot Dahu
The purpose of the study is to analyze the structural behaviour of the prototype of the ski boot 
DAHU, according to a dual aspect:
- Global structural behavior in bending of the sky boot, through a conventional test with a prothesis 
inside the boot and a test with the sky boot worn by a skyer;
- Structural behaviour of some specific parts of the boot, through strain gauges.
2.1.1 Parts of the exoskeleton of the DAHU
The ski boot DAHU differs from the traditional boots for the different structure: it is made up of an 
exoskeleton which accommodates a removable shoe that can be comfortably used to walk after 
skiing.
7The part usually called "cuff" was conventionally divided into two parts, called "front cuff" and 
"rear cuff". Thin fact allows the opening of the exoskeleton after the buckles release and the "rear 
beam" release. This last component, extruded in aluminum, connects the "shell" with the "rear cuff" 
with a pin at the base and a button with an external profile of elastomer.
Fig. 2.2. Scheme of the DAHU exoskeleton
Follow the following steps to wear the boot when the exoskeleton is closed:
- Slide the shoe;
- Unhook the buckles (3) and (4).
- Apply pressure on the button at the peak of the real beam to disengage it from the rear cuff: it will 
rotate as shown in figure (1).
- Open the "front cuff" (2).
- Insert the shoe into the "shell".
- Close the "front cuff" and "rear cuff" that hook up alone.
- Close the buckles (3) and (4).
82.2. GLOBAL STRUCTURAL BEHAVIOUR IN BENDING OF THE SKI BOOT
A step of the study is to analyze the overall behaviour of the ski boot flexed. In practice, various 
angles that are projected are analyzed on the longitudinal plane, as it is described below, let's 
imagine to insert the leg or a prosthesis in the boot.
First, it is analyzed the angle that the tibia (or prosthesis) draws in reference to the position that the 
boot gives to the tibia (or prothesis) when it is not loaded, in function of the bending moment, 
considering as center of rotation the button of the inner boot, which is supposed to be coincident 
with the malleolus.
Fig. 2.3. Angle of the tibia in function of the bending moment acting arount the malleulus
Secondly, the following angles have been analyzed and compared:
         Angle SC ( Shell – Rear Cuff ) ;
9                                                
        Angle TC ( Tibia – Shell ) ;         
                                  
                                                                  Angle CT ( Rear Cuff – Tibia ) ;
The verses are considered positive when the tip of the ski boot is facing right there is a clockwise 
rotation.
By analyzing these parameters, it is possible to know the inner movement of the leg (or prothesis) 
according to a particular closure of the attacks and then evaluate how the inner boot and the muscle 
tissues are deformed.
2.2.1. Instrumentation
To study the parameters listed above it was necessary to leave the following instrumentation 
available at the Biomechanics Laboratory at the University of Padua:
- Footboard of force by BTS Bioengineering, Italy. It is necessary to detect forces and moments in 
the three principal axes x, y, z.
- Cameras. 6 cameras on the laboratory monitor the movements of some markers placed at 
appropriate points.
- Smart Tracker eand Smart Analyzer by BTS Bioengineering, Italy. Software used to collect and 
analyze data trough the footboard and the cameras.
- Markers. Reflective stamps that let you analyze the movements with a resolution of a tenth of a 
millimeter. Markers of small size have been placed in the ski boot and they have been arranged 
schematically, to be easily recognized in a 3D model.
10Fig. 2.4. Laboratory of biomechanics of the university of Padua with videocameras calibrated.
Then, using the software, which imports the data coming from the footboard of force and the 
position of the marker in space, the model of the ski boot is reconstructed at the computer according 
to an appropriate protocol that already exist.
Fig. 2.5. Comparison between markers on the ski boot ankle and the markers on the fibula.
Knowing the position of the markers at the ankle compared to the markers on the fibula then we can 
calculate the moment at the ankle.
112.2.2. Calibration of the aquisition system
The next step is to calibrate the system of acquisition:
– Axis sequence: setting the axis of the reference system x (longitudinal), y (vertical), and z 
(transverse).
– Sequence wand: calibration of the cameras for the correct assessment of markers and the 
volume to be analyzed.
– Platform: reset forces and moments with discharged platform.
– The boot is attached to the ski and this is fixed to the platform of strength.
– Reset BTS: definition of forces and moments with a value of zero with ski and ski boot on 
the platform;
With this equipment we are able to analyze the bending moment and the angles described in the 
previous paragraph.
The bending moment is a result of the constraint reactions that the platform detects, multiplied by 
the arm, measured as the distance between reaction forces and marker that we set as the center of 
rotation, in correspondence of the malleolus.
Tests set-up:
– Zero static platform: in order to set forces and moments to 0 when ski and ski boot are 
placed on the platform;
– Static ankle: to determinate the center of rotation of the ankle when the foot is inside the 
boot.
122.3. STRUCTURAL BEHAVIOR OF THE BOOT INSTRUMENTED
In parallel to the previous study, we studied the structural behaviour of the "Front Cuff" and "Rear 
Beam" by a strain gauge analysis in order to know the behavior during bending tests, tightening of 
the attacks and conventional tests.
To sum up, we proceeded to provide with sensors the two components, to calibrate the system by 
appropriate tests to obtain the sensibility, according to the loads that are acting on the boot .
To convert the deformations in tension, the material of the "Front Cuff" has been analyzed by a 
tensile test. All the other parts of the exoskeleton are of the same material as the "Front Cuff", 
except the "Rear Beam" that is made of aluminum alloy (E = 69000 MPa), .
The linear regression in the section to 0-2 MPa provides the elastic modulus, while the intersection 
of the straight line passing through Ɛ0, 2% of inclination equal to the elastic modulus with the curve σ-
Ɛ, provides the yield stress of the material.
Results are reported in the following table:
Temperature E [MPa] σ sn [MPa]
20 °C (amb) 800±100 16
-5 °C 1400±200 23
The ultimate elongation and the utimate tensile stress were not calculated because it does not reach 
this limit in the displacement control.
During tests deformations are mesaured by strain gauges appropriately positioned on the Front Cuff 
and the Real Beam and connected to the acquisition system Imc. The Imc records signals in terms 
of millivolts from the strain gauges and the PC connected to 'Imc we can see data in output.
132.3.1. Strain gauge
A strain gauge (also strain gage) is a device used to measure the strain of an object. Invented by 
Edward E. Simmons and Arthur C. Ruge in 1938, the most common type of strain gauge consists of 
an insulating flexible backing which supports a metallic foil pattern. The gauge is attached to the 
object by a suitable adhesive, such as cyanoacrylate cement. As the object is deformed, the foil is 
deformed, causing its  electrical resistance  to change. This resistance change, usually measured 
using a Wheatstone bridge, is related to the strain by the quantity known as the gauge factor.
The gauge factor is defined as:
K=(ΔR/Rg)/ϵ
where:
ΔR is the change in resistance caused by 
strain
Rg is the resistance of the undeformed gauge
ϵ is strain.
For metallic foil gauges, the gauge factor is 
usually 2. 
A strain gauge takes advantage of the physical 
property   of  electrical   conductance  and   its 
dependence on the conductor's geometry. When 
an electrical conductor is stretched within the 
limits of its elasticity such that it does not break 
or   permanently   deform,   it   will   become 
narrower and longer, changes that increase its 
electrical   resistance   end-to-end.   Conversely, 
when a conductor is compressed so that it does 
not buckle, it will broaden and shorten, changes that decrease its electrical resistance end-to-end. 
From the measured electrical resistance of the strain gauge, the amount of applied stress may be 
inferred. Strain gauges measure only local deformations and can be manufactured little enough to 
allow a "finite element" like the analysis of the stresses to which the specimen is subject. This can 
be positively used in fatigue studies of materials.
14An excitation voltage is applied to input leads of the gauge network, and a voltage reading is taken 
from the output leads. Typical input voltages are 5 V or 12 V and typical output readings are in 
millivolts.
Foil strain gauges are used in many situations. Different applications place different requirements 
on the gauge. In most cases the orientation of the strain gauge is significant.
Gauges attached to a load cell would normally be expected to remain stable over a period of years, 
if not decades; while those used to measure response in a dynamic experiment may only need to 
remain attached to the object for a few days, be energized for less than an hour, and operate for less 
than a second.
Strain gauges are attached to the substrate with a special glue. The type of glue depends on the 
required lifetime of the measurement system. For short term measurements (up to some weeks) 
cyanoacrylic glue is appropriate, for long lasting installation epoxy glue is required. Usually epoxy 
glue requires high temperature curing (at about 80-100°C). The preparation of the surface where the 
strain gauge is to be glued is of the utmost importance. 
2.3.2 Operating instructions for proper bonding
1. to smooth the suface with very fine sand paper to promote adhesion of the glue.
2. to run a trace with the greatest care, avoiding to seriously affect the surface. 
3. to position the gauge on a transparent tape. 
4. to degrease the surface with alchool and cotton without touching the surface with hands.
5. to apply a drop of glue to the surface to be coupled.
6. to fix the gauge with a piece of Teflon to avoid adherence to the fingers and with the utmost care.
7. to verify a correct  alignement. The alignment  accuracy determines the accuracy of the 
measurement.
8. to solder the ends of the threads, following the scheme of the bridge.
9. to check the correct functionality of the bridge with a tester.
10. to clean the connections with alchool and to cover them with silicone.
11. to connect the wires to plugs and sockets.
If these steps are not followed the strain gauge binding to the surface may be unreliable and 
unpredictable measurement errors may be generated.
152.3.3. Wheatstone bridge configuartions
Tha main important configuration to realize a Wheatstone bidge is the full bridge one. To design a 
full bridge configuration it's necessary to connect in series 4 strain gauges with known resistances 
R1, R2, R3, R4 of the same value and connect the alimentation V in the connection 1, 4 and 2,3. So 
reading the output value U between the connection 1,2 and 3,4 like in the following figure, are valid 
the following formulas:
Fig. 2.7. Wheatstone bridge configuration 
Using only two adjacent active gauges and two dummy resistors it's realized a half-bridge. 
The output U from the bridge so configurated is: U=VK(ϵ1−ϵ2)/4
Using only a single active gauge and three dummy resistors a quarter-bridge is realized. 
The output U from the bridge so configurated is: U=VKϵ/4
16
U/V=(Δ R1/R1−Δ R2/R2+Δ R3/R3−Δ R4/R4)/4
it is known that for a strain gauge : K ϵi=(Δ R/R)i
U/V=K (ϵ1−ϵ2+ϵ3−ϵ4)/4
U/V=K BFϵeq/42.3.4. Design of sensorization for DAHU
It has been decided to place 4 strain gages (2 longitudinal and 2 transversal) on the Front Cuff at the 
parting line of the mold, which determines the longitudinal centerline of the boot, in the positions in 
the figure. Other 4 (2 longitudinal and 2 transversal) on the Rear Beam, 2 (1 longitudinal and 1 
transversal) in the outer surface and 2 (1 longitudinal and 1 transversal) in the inner surface at the 
same distance from the elastomer.
Every single strain gauge located on the Front Cuff will be linked to quarter-bridge so to measure 
the single strain due to bending and traction.
The strain gauges located in the Rear Beam are connected in a full bridge and measure a tensile 
strain.
So 5 channels of aquisition are obtained:
1 – FCLL - Front Cuff Lower Longitudinal (quarter-bridge connected);
2 – FCLT - Front Cuff Lower Transversal (quarter-bridge connected);
3 – FCML - Front Cuff Medium Longitudinal (quarter-bridge connected);
4 – FCMT - Front Cuff Medium Transversal (quarter-bridge connected);
5 – RB - Real Beam (full bridge connected);
Fig. 2.8. Positioning of strain gauge on the front cuff and the rear beam
172.3.5. Calibration of the rear beam
To determine the stresses of the Rear Beam during flexion and extension it's necessary to calibrate 
the system of aquisition. A possible way to calibrate it is to set ski-boot flipped upside down, fixed 
between two beams with the same height from the ground. 
Fig. 2.9. Rear bam calibration set up
The value zero has been associated to deformation read by the system when a thin plate of a known 
weight is fixed in correspondence of the elastomer present on the upper part of the Rear Beam. 
Than the calibration is done by applying some known masses until a maximum value and then 
removing them with logic LIFO.
Tab. 2.1. preliminary data for the calibration of the rear beam
18
Gauge factor K = 2,06
Bridge factor BF = 2,66
Loading ramp:
cumulative weight
[kg]  [kg]
Initial weight 1,650 1,650
Weight 1 4,110 5,760
Weight 2 4,110 9,870
Weight 3 6,165 16,035
Weight 4 6,165 22,200
Weight 5 6,165 28,365Tranforming the loading ramp in Newton, assigning zero to the initial weight due to the pulley 
system and adding the unloading ramp to the loading ramp, the complete loading ramp becomes:
Tab. 2.2. Loading ramp used for the calibration of the rear beam
All the procedure is done three times for each data aquisition to mediate the results and obtain a 
precise calibration.
The last step is to calculate the coefficient of calibration.
The coefficient of calibration C, is calculated like the reciprocal of the slope of the trend line.and it 
is is defined like the value that allows to calculate the value of the force that is acting on the load 
cell multipling it to the value read by the load cell in mV/V. 
C=1/S
whereSistheslopeof thetrendlineof thecalibrationdata.
C∗ΔV/V=F
whereΔV/V istheumbalanceof thebridge.
19
[N]
Initial weight 0,00
Weight 1 40,32
Weight 1, 2 80,64
Weight 1, 2, 3 141,12
Weight 1, 2, 3, 4 201,60
Weight 1, 2, 3, 4, 5 262,07
Weight 1, 2, 3, 4 201,60
Weight 1, 2, 3 141,12
Weight 1, 2 80,64
Weight 1 40,32
Initial weight 0,00Tab. 2.3. Unbalanced of the bridge (mV/V) measured, due to the loading ramp used to calibrate
Fig. 2.10. Trend line and calibration of the rear beam
The response to the loads of the channel RBax is linear.
20
Applied forces Cal. 1 Cal. 2 Cal. 3 Average Cal. Average Cal. Forces measured
[N] [N]
0 0 0 0 0,00 0,000 0,00
40,32 12,18 12,73 12,65 12,69 0,017 43,70
80,64 23,82 24,02 23,93 23,98 0,033 82,56
141,12 41,49 41,37 41,64 41,51 0,057 142,93
201,6 58,91 59,14 58,96 59,05 0,081 203,34
262,07 76,8 76,29 76,33 76,31 0,105 262,78
201,6 59,59 59,14 59,37 59,26 0,081 204,05
141,12 41,98 41,87 41,71 41,79 0,057 143,91
80,64 24,5 24,08 24,73 24,41 0,033 84,04
40,32 12,86 12,7 13,1 12,90 0,018 44,42
0,00 0 0 0 0,00 0,000 0,00
[μm/m] [μm/m] [μm/m] [μm/m] [mV/V]
0
20
40
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220
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260
280
300
0
0,02
0,04
0,06
0,08
0,1
0,12
f(x) = 0,0003978x + 0,0008074
Cal. Med. [mV/V]
Regressione lineare per Cal. 
Med. [mV/V]
Force [N]
S= 0,0003978 (mV/V)/N
C = 2514 N/(mV/V)2.4. TESTS ON LABORATORY
2.4.1. Methods
A session test on the biomechanic laboratory has been performed to analyze the overall behaviour 
of the ski boot flexed and the structural behaviour of the Front Cuff and the Rear Beam.
The aim of tests is to observe the boot during a skiing simulation and to analyze differences during 
tests performed with a real skiier and tests performed with a dummy silicon foot. Moreover it is 
intersting to evaluate differences between a soft skiing simulation and an hard skiing simulation. 
So four protocols of tests have been defined:
- Soft skiing simulation with skier
- Soft skiing simulation with dummy silicon foot
- Hard skiing simulation with skier
- Hard skiing simualtion with dummy silicon foot.
Buckles closure cofiguartion has been setted to 4.4. i.e. Both hooks engage the forth tooth of the 
rack.
Before the test session is essential to define the offset of acquisition systems to give repeatability to 
the tests.
So with the acquisition software we proceed to calibrate the system and reset the neutral position to 
undo the effects of pretension. The zero of the Front Cuff and of the Rar Beam are given with 
DAHU completly opened i.e. with front cuff and rear cuff completly opened and supporteded by the 
floor or shell.
2.4.2. Data analysis
Reports of the four tests are now reported. All of them have been realized using Smart Analyzer.
Unfortunately, the values of the forces acting on the rear beam has been lost.
21Soft skiing simulation with skier
Fig. 2.11. Soft skiing simulation with skier results
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Fig. 2.12. Trend of deformations during soft skiing simulation with skier
Fig.2.13. Trend of clamping forces during soft skiing simulation with skier
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Fig. 2.14. Soft skiing simulation with prothesis results
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Fig.2.15. Trend of deformations during soft skiing simulation with prothesis
Fig. 2.16. Trend of clamping forces during soft skiing simulation with prothesis
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Fig. 2.17. Hard skiing simulation with skier resultsHard skiing simulation with skier results
26Fig. 2.18. Trend of clamping forces during hard skiing simulation with skier
Fig. 2.19. Trend of clamping forces during hard skiing simulation with skier
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Fig. 2.20. Hard skiing simulation with prothesis results
28Fig. 2.21. Trend of deformations during hard skiing simulation with dummy silicon foot
Fig. 2.22. Trend of clamping forces during hard skiing simulation with dummy silicon foot
By tests results we can adfirm some observations.
First of all rothesis foot is bigger than the skier's foot. In fact the clamping force is trhee times 
bigger when the dummy silicon foot is used. Moreover FCLL deforms like FCML when it's used 
the dummy silicon foot while it deforms two times FCML when is the skier to perform the test.
29
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sSecondly tests with the dummy silicon foot are complexy more "soft" than tests with the skier in 
fact max values of moment at the ankle, deformations and increase of the clamping value ΔCf are 
lower than in tests with the skier. Probably it is not easy to reproduce a skiing simulation driving the 
pole of the dummy leg manually.
303.
BUCKLES CLIP DESIGN,
SENSORIZATION AND CALIBRATION
ABSTRACT
The aim of the work is to analyze the force distribution on the hooks of a ski boot developing an 
interchangeable and virtually universal system that allows to determine the closing force on the 
hooks and on the velcro closure system of the ski boots.
KEYWORDS:
alpine ski-boot, lab test, buckle regulation, boot flexion angles, flex index, stiffness.
313.1. INTRODUCTION
The company NORDICA offers a wide range of products including snow boots and skis.
During the process of developing a new product or an improvement of an existing one, test track 
made by a tester and special test on laboratory using appropiate test-bech have a considerable 
importance.
NORDICA produces a range of boots or a number of different models (for different uses) and, for 
the same model, there are multiple sizes and multiple versions as the version for men, women, 
agonists and non-agonists.
The track tests are carried out by a skilled skier, who has its own size and that in times of tightening 
the boot, he will close it according to its own criteria of comfort and tightening sensation'' optimal''.
In this case, therefore, the human being to make decisions based on the tightening sensations can 
not therefore express quantitative values but only subjective opinions as little tight, too tight, very 
tight, very much tight. Therefore we leave unanswered questions such as: What force value is the 
boot closed? Where is it more closed? Does the force remain constant or does it vary during skiing?
In addition to test on track, NORDICA performs tests on test bench. It is quite evident that in this 
case it is not possible to use a human tester, as promises to urge the boot to fatigue or high loads or 
to test it for a lot of hours in order to determine for example the limits of durability and strength.
To test a boot you need to put into the ski boot some kind of prothesis to be able to be tightened and 
urged on the bench.
Precisely for this reason the company has made a mold of the leg of the tester, that has been used to 
make a silicone leg with inside some metal prosthesis that simulates the foot, the ankle joint and the 
bones of the leg.
The prosthesis used is obviously passive and certainly not muscularly active and reactive like a real 
leg, it has lower lability on the foot and the ankle and is more rigid than a human leg. In some way 
the prosthesis is still unable to simulate the effect of the leg of the tester inside of the ski boot.
The reality is more complex because you have to keep in mind that the interaction between leg and 
boot and between prosthetic and boot is diffent and so it will influence the test on the bench.
That is why, we want to have information on the force performed on the buckles by the tester during 
skiing, to learn the values and then to transfer them to the model that will be used on the test bench.
323.1.1. Ski boot buckles
All standard models have essentially the same type of closure, less than a variant that has been 
neglected for now (it works with similar logic but inverse). Each boot has always four levers and a 
velcro to clamp: two levers above the foot, and two levers on the side of the leg.
The closure system of the boot is based on a lever mechanism that has a hook at its extremity which 
engages with the teeth of a rack fixed on the boot. Often the teeth are from four to six and allow to 
customize the level of tightening.
In spite of the variations relating to the shape of the hook and the rack, the system always works in 
the same way for the different variants: where the hook engages the space between two adjacent 
teeth, it only remains to fasten the closing lever, so closing more the two flaps of the boot with its 
action. The system is designed to multiply the closing force and to obtain a chuck mechanism. Since 
the layout of the closure system is common for the various models, we started from this basis to 
develop a system interchangeable and virtually universal in all products in the range NORDICA and 
not only.
Fig. 3.1. Example of buckle clips for ski boot
333.1.2. Ski boot velcro closure
All standard models have a velcro closure system in the upper side of the boot in proxinity of half 
tibia, that allows more confortable closure of the boot and give a sensation of elaxticity to the skier 
during skiing.
The velcro layout can be of different type, so to develop an interchangeble system and virtually 
universal in all products. All velcro system of the ski boots of the univeristy  of Padua have been 
measured with a caliber.
– The biggest one has a ring with a thickness of 5mm and a velcro with a width of 55mm.
– The smollest one has a ring with a thickness of 2mm and a velcro with a width of 20mm.
Fig.3.2. Example of velcro closure system for ski boot
343.2. DESIGN OF LOAD CELLS FOR BUCKLES
3.2.1.Concept development
Before analyzing the process undertaken for the solution of the problem, it is essential to point out 
that the decision to build a system or some mechanism able to read the closing force is a 
consequence of the fact that the market research carried out by the sensors has not been able to 
identify anything that could be bought and applied directly. Proper bonding some strain gages on 
the hooks of a pair of ski boots would be easy to have data on the clamping forces. This procedure, 
however, is long and is valid for only one model and one size of a certain range of the boot.
As mentioned, to standardize the process of closing in order to write up a possible protocol for 
testing or to define a recommended method for tightening in terms of closing order of the buckles or 
to highlight the behaviour of closing forces skiing, it is essential to have an external system that can 
give information on the value of the clamping forces in any model.
So it has been decided to design a load cell able to check load information and that will interpose 
itself as an intermediate element between hook and rack. Since the system will participate in the 
closing, the load cell have to mimic the original closure mode and an extremity will connect to an 
hook and the opposite one to the rack.
Even before the geometry has defined, so we can identify some characteristics that the load cell 
must have, regardless of how it will work or it will be made:
- Resistant to the applied loads
- Long-term (several cycles)
- Space-saving
- Interchangeably in the range
- Easy to apply
- Maintenance-free
- Sensitive to the applied loads
In order to amplify the effect of the clamping force a load cell to bending has been designed. A cell 
of this type is able to obtain an unbalance of the marked bridge since the measured deformation due 
to bending is greater than that which would be with the analysis of the deformation due to the 
normal stress.
35The cell so designed is sensitive to the force F in an indirect way, in fact, it is sensitive to moment 
of the force F. Once calibrated the cell may still have immediately the value of the clamping force 
using the calibration curves.
3.2.2. Selecion of ideas
In order to make a rational choice between the possible ideas or solutions, it is necessary to compare 
them by assessing advantages and disadvantages and put them in competition with respect to some 
objective measurable or  in some way evaluable parameters .
Preliminary work has ruled out the solutions that could not have beed used because they do not 
meet many of the written requirements in the concept development and two geometries have 
remained in the competition.
Fig. 3.3. Main solutions hypothesized
The geometry that was mentioned to be used as a load cell is number 2) because it would be easier 
to position the strain gauges on the lateral faces.
Four load cells of this type was built, one for each buckles, and they will be called: 
Buckle clip A
Buckle clip B
Buckle clip C
Buckle clip D.
363.2.3. Bridge design
The buckle clips A,B,C,D, so designed, will be sensorized with a full bridge.
The strain gauges will be placed on their lateral faces that go in flexion during tightening.
The limits of size, made difficult the use of two strain gauges placed in parallel on both faces, then 
to emphasize as much as possible the signal of unbalance, it was thought to place them 
perpendicular so that the longitudinal and the transversal deformationis are felt .
The two parallel faces of the clips are stressed and schematized as shown in Figure.
Fig. 3.4. Bridge design for buckle clips A,B,C,D
Because there is a variable bending moment, section by section, we have:  ϵ1,3>ϵ2,4
This suggests that the lateral contraction detected in proximity of the average line of the strain 
gauges 2 and 4, is inferior to the one felt in proximity of 1 and 3.
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U/V=K(ϵ1−ϵ2+ϵ3−ϵ4)/4
ϵ1=ϵ3=ϵ1,3 ϵ2=ϵ4ϵ2,4
U/V=K(2ϵ1,3+2νϵ2,4)/43.2.4 Dimensioning and verification
Regarding the dimensioning of the clips, the data obtained from tests performed on the closure hook 
of a boot have been very useful . During the tests in the company, the maximum clamping force 
detected has been around for 200N.
This is the profile designed:
The section AA and EE have a thickness of 4mm and a width of 8,6 mm
The section BB has a thickness of 2.2 mm and a width of 8,6mm
The interaction between the hook and the clip is expressed according to the direction of F which is 
variable depending on the position of engagement in the rack and due to the curvature of the boot.
If the normal force Fn discharges on the support C below, to urge the section AA is Fp less the 
friction effect Fnμ. If we want to be conservative, we substitute the value of Fp with F and omit the 
friction. A critique of the model can be done considering that the curved part of the hook is not 
leaning on a smooth and continuous surface, but on the teeth of the rack and that the support D is 
actually the bottom of a tooth of the rack so that portion will engage a greater surface.
38The buckle clips will be made in ergal. They have been verified in their critical section A-A payng 
attention to obtain coefficient of security > 4 for security reason.
Initial data:  Fx=200N
width: w=8,6mm
thickness: t=4mm
arm: b=13,5mm
σadm=480Mpa
Young'smodule: E=72500Mpa
Poisson'scoefficient: ν=0.33
Formulas: Mz=Fx∗b
Izz=(w∗t
3)/12
σN=Fx/(w∗t)
σf=(Mz/Izz)∗(t/2)
σi=σf+σN
σe=σf−σN
ν=σadm/σe>3ϵe=σe/E
U/V=K(ϵ1−ϵ2+ϵ3−ϵ4)/4=K(2ϵe+2νϵe)/4
39Summary table: 
Then the geometry so designed has also been verified using the mechanical simulator ANSYS, so to 
control properly the notch effect, calculate the maximum stress acting in the notch and than 
calculate a new coefficient of security (major than before) that has to be > 3 for security reasons.
Fig. 3.6. Mesh distibution, acting load and geometrical constraints
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Force Fx
width Z
thickness Y
arm
Moment Mz Nmm
Normal stress Mpa
Moment of inertia Izz
Bending stress Mpa
Stress on the external surface Mpa
Stress on the internal surface Mpa
Admissible stress Mpa
Coefficient of security
Young's module E Mpa
strain  μm/m
Coefficient of poisson
Gauge factor K
Umbalance U/V mV/V
Sensibility (mV/V)/NFig. 3.7. Defomation of the clip when it's actig a load of 200N in the longitudinal direction.
Fig. 3.8. Distribution of stress in the logitudinal direction on all the load cell in the hypothesis that 
a load of 200N is actig in the longitudinal direction.
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DMX =.11314Through ANSYS it was easy to calculate the maximum load that can be supported by the clip. A 
simulation where a load of 670N is acting implies a stress of  479,297 Mpa that is almost equal to 
the admissible stress of 480 Mpa.
Fig. 3.9. Distribution of stress in the logitudinal direction on all the load cell in the hypothesis that 
the breacking load is actig in the longitudinal direction.
Breacking load calculated: 670 N
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with a milling cutter.
Fig. 3.10. Final design of the buckle clip
433.3. DESIGN OF LOAD CELLS FOR THE VELCRO CLOSURE SYSTEM
3.3.1.Concept development
Even before you have defined the geometry, we can identify some characteristics that the load cell 
must have, regardless of how it will work or it will be made:
- Resistant to the applied loads
- Long-term (several cycles)
- Space-saving
- Interchangeably in the range
- Easy to apply
- Maintenance-free
- Sensitive to the applied loads
In order to amplify the effect of the clamping force it is thought to design a load cell to bending. A 
cell of this type is able to obtain an unbalance of the bridge marked since the measured deformation 
due to bending is greater than the one made when the analysis of the deformation due to the normal 
stress.
The cell so designed is sensitive to the force F in an indirect way, in fact, it is sensitive to moment 
of the force F. Once calibrated, the cell may still have immediately the value of the clamping force 
using the calibration curves.
3.3.2. Selecion of ideas
It has been decided to design a load cell able to check load information on the strip positioned on 
the upper side of the boot. It is designed in alluminium because it is cheap, light and easy to find 
and it is worked with a cutter. It would be interposed between two rings: one is the ring around 
where the strip is fixed and the other one is an additional ring around where the free side of the strip 
will be inserted, pulled and closed on itself. 
From many analyzed ideas the selected one is a simple "C" made by a thin plate in alluminium with 
two folds at the extremity that allow the connection between the load cell and the two rings.
44The two folds have a "V-form" so to idendify properly the position where the pull force acts and 
calculate with good accuracy the arm that generates the moment that acts on the thin plate zone.
Fig. 3.11. Schetch of the clip buckle E
Only one load cells of this type, will be made and from now it will be called: buckle clip E.
3.3.3. Bridge design
The clip buckle E so designed, will be sensorized with a full bridge.
The strain gauges will be placed on the external surface that go in flexion during tightening.
The four strain gages can be placed anywhere in the surface as the bending moment acting is the 
same on the entire outer surface.
The limits of size madehe use of two strain gauges placed in parallel on both faces difficult, t then 
to emphasize as much as possible the signal of unbalance, it has been thought to place them in a 
perpendicular way so that it is felt the longitudinal and the transversal deformation are felt.
Fig. 3.12. Bridge design for the clip bucle E.
U/V=K(ϵ1−ϵ2+ϵ3−ϵ4)/4
ϵ1=ϵ2=ϵ3=ϵ4=ϵ
U/V=K(2ϵ+2νϵ)/4=2,66Kϵ/4
453.3.4 Dimensioning and verification
In the hypothesis of a pulling force of 100N, it has been designed a proper section to have the 
sensibility U/V of 0,5mV/V paying attention to obtain a coefficient of security > 4 for security 
reason.
The buckle clip will be made in aluminium.
Initial data:  Fx=100N
width: w=16mm
thickness: t=2,5mm
arm: b=4,08mm
σadm=250Mpa
Young'smodule: E=70000Mpa
Poisson'scoefficient: ν=0.34
gaugefactor: K=2
Formulas: Mz=Fx∗b
Izz=(w∗t
3)/12
σN=Fx/(w∗t)
σf=(Mx/Izz)∗(t/2)
σi=σf+σN
σe=σf−σN
ϵe=σe/E
U/V=K(ϵ1−ϵ2+ϵ3−ϵ4)/4=K(2ϵe+2νϵe)/4
46Summary table:
Then the geometry so designed has been also verified using the mechanical simulator ANSYS, so to 
ceck properly the notch effect, to calculate the maximum stress acting in the notch and so to 
calculate a new coefficient of security that has to be > 3 for security reason.
The geometry of the clip is simmetrical, so it has been analyzed only half clip using appropiate 
geometrical contraints.
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Sensibility (mV/V)/NFig. 3.13. Mesh distibution, acting load and geometrical constraints
Fig. 3.14 Defomation of the clip in the hypothesis that a load of 100N is actig
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Fig. 3.16. Final design of the clip buckle E.
503.4. SENSORIZATION
3.4.1. Sensorization of Load cells for hooks: clip buckles A, B, C, D
The first step is to bond the strain gauges on the two proper faces of the piece like in the photo.
Fig. 3.17. Buckle clip A with the strain gauges glued
51Then to bond four sideboards on the face between the two faces with the stain gages bonded.
Fig. 3.18. Buckle clip A with the sideboards glued
The next step is to close the bridge using appropriate connecting wires tinned each other in an 
appropriate way and using the sideboards like a support. It is important that the wires do not touch 
each other if it is not needed, they should be of different colours to avoid confusion.
Fig. 3.19. Buckle clip A with the full brigde closed by wires
52Then it is necessary to connect the power cables in the correct positions on the sideboards, making 
sure that the cables are not in contact with each other.
Fig. 3.20. Buckle clip A with power cables solded
All power cables are fixed around the load cell using a thin band. The black and white wires are 
bent over them and put in contact with the workpiece in order to have a ground connection. 
Fig. 3.21. Buckle clip A ready to be calibrated
Once tested, verified and calibrated load cell, the last step is to cover all the connections with an 
appropriate silicon to protect the system.
533.4.2. Sensorization of Load cells for the strip: clip buckle E
The first step is to bond the strain gauges on the external surface and then to close the bridge using 
appropriate connecting wires to connect the strain gauge 1 with 4 and 2 with 3 and then the two 
welding bridges to connect the strain gauge 1 with 2 and 3 with 4.
Fig. 3.22. Buckle clip E with the full bridge closed
Fig. 3.23. Buckle clip E with power cables solded
54Than it is necessary to connect the power cables in the correct positions on the sideboards, making 
sure that the cables are not in contact with each other. All power cables are fixed around the load 
cell using a thin band. The black and white wires are bent over them and they are in contact with the 
workpiece in order to have a ground connection. 
Fig. 3.24. Buckle clip E ready to be calibrated
Once tested, verified and calibrated load cell, the last step is to cover all connections with an 
appropiate silicon to protect the system.
553.5. CALIBRATION OF BUCKLE CLIPS A,B,C,D
3.5.1. Calibration strategy
The first step is to design a system that allows to well calibrate the load cell.
So it has been taken a ring of the external diameter of 10,8 mm, in steel so to have quite the same 
radius of curvature of the rack. To use the ring in his vertical position and to avoid that it rolls on 
the table, it is necessary to realize a platform and a system that allow to fix the ring vertically 
oriented to the platform. So a steel plate has been taken and it has been welded an M16 nut in the 
middle of its upper surface. Than a short beam has been taken with a C section and it has been 
drilled in the mddle so to have an hole of the diameter of 17 mm. Finally an hole of the diameter of 
17mm has been made in the external surface of the ring. So it is possible to fix the ring vertically 
oriented, using a M16 screw that unites in order the ring, the beam (oriented with its axis parallel 
oriented to the axis of the ring and with the two wings in contact with the external surface of the 
ring) and the M16 nut welded to the plate. At the end some holes have been realized in the upper 
part of the ring so to fix a rack to the ring using a M6 screw.
Fig. 3.25. Support designed to fix a ski boot rack.
56The system so designed has been fixed to a table with a clamp to a table in steel.
The calibration is done by applying different forces notes, and associating the value read by the 
strain gauges to the value of these forces. The value zero has been associated to the hook hung on 
the rack with the pulley-system added like an additional mass, then some known masses have been 
added up to a maximum value and then removed with logic LIFO.
Tab. 3.1. preliminary data for the calibration of buckle clip A
Tranforming the loading ramp in Newton, assigning zero to the initial weight due to the pulley 
system and adding the unloading ramp to the loading ramp, the complete loading ramp becomes:
Tab. 3.2. Loading ramp used for the calibration of buckle clip A
All the procedure is done three times for each data aquisition to mediate the results and obtain a 
precise calibration.
57
Gauge factor K = 1,97
Bridge factor BF = 2,66
Loading ramp:
cumulative weight
[kg]  [kg]
Initial weight 1,65 1,65
Weight 1 2,30 3,95
Weight 2 2,40 6,35
Weight 3 3,25 9,60
Weight 4 3,25 12,85
Weight 5 3,80 16,65
[N]
Initial weight 0,00
Weight 1 22,56
Weight 1, 2 46,11
Weight 1, 2, 3 77,99
Weight 1, 2, 3, 4 109,87
Weight 1, 2, 3, 4, 5 147,15
Weight 1, 2, 3, 4 109,87
Weight 1, 2, 3 77,99
Weight 1, 2 46,11
Weight 1 22,56
Initial weight 0,00Fig. 2.26. System designed for the calibration of buckle clip A, B, C, D discharged
Fig. 2.27. System designed for the calibration of buckle clip A, B, C, D with all masses added
58The last step is to calculate the sensibility and the coefficient of calibration for each load cell.
The coefficient of calibration C of this clip buckles depends on the agle of load, friction, 
temperature, so it should be useful to explore as C varies changing these parameters. 
3.5.2. Calibration analysis as a way to improve the clips
For reasons of time it was thought to calibrate, initially only a hook to evaluate the need to make 
changes to the load cell. So all the analysis referes to the buckle clip A.
The clip buckle A has been calibrated to five different angle of load: 0°, 10°, 20°, 30° and 40°.
An example of calibration for the angles of load equal to 30° is now reported. All the others 
calibrations are reported in the appendix A.
Tab. 3.3. Unbalanced of the bridge (mV/V) of buckle clip A due to the loading ramp apllied to it
with an angle of load of 30°
The average calibration calculated as an average between Cal. 1, Cal. 2 and Cal. 3 is plotted in a 
graph with the applied force in abscissa so to calculate the sensibility of the clip buckle in this load 
condition.
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Apllied forces Cal. 1 Cal. 2 Cal. 3 Average Cal. Average Cal.
[N]
0,00 0 0 0 0,00 0,000
22,56 125 100 99 108,00 0,141
46,11 324 294 264 294,00 0,385
77,99 560 508 511 526,33 0,690
109,87 790 765 746 767,00 1,005
147,15 1062 1027 1071 1053,33 1,380
109,87 968 944 965 959,00 1,256
77,99 733 723 730 728,67 0,955
46,11 455 434 448 445,67 0,584
22,56 238 211 226 225,00 0,295
0,00 22 1 4 9,00 0,012
[μm/m] [μm/m] [μm/m] [μm/m] [mV/V]Fig. 3.28. Trend line and calibration of buckle clip A with an angle of load of 30°
All coefficients of calibration for each angle of load are summaried in the following table:
In ideal conditions (frictionless), C increases with the increase of the load angle according to the 
law:
Cid(α)=C(α=0)cosα
where C(α=0) is the coefficient of calibration measured with load angle of 0°.
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1,8
f(x) = 0,00983x + 0,01949
Cal. Med. [mV/V]
Regressione lineare per Cal. 
Med. [mV/V]
Force [N]
Sensibility: S = 0,00983 (mV/V)/N
Coefficient of calibration: C = 101,7 N/(mV/V)
C measured
[°] [N/(mV/V)]
0 88,3
10 90,7
20 95,6
30 101,7
40 106,7
Angle of load αThe coefficients of calibration ideals calculated are compared in the following table:
Tab. 3.4. Comparison beetween the coefficients of calibration measured and the ideal ones
It's also easy to observe that the C measured are different and particularly C(α=40) is lower than its 
respective Cideal. Moreover it's easy to observe the presence of a considerable hysteresis. 
This effects are surely due to the friction between the contact surface of the clip and the top of the 
teeth of the rack and it influences a lot the measure. So it is necessary to find a way to reduce this 
friction effect.
A first idea has been to fix a thin layer of teflon under the contact surface of the clip, through the 
clamp that locks the cables to the clip like in the following photo.
Fig. 3.29. Buckle clip A improved with a thin layer in teflon
The buckle clip A so modified has been recalibrated to five different angles of load: 0°, 10°, 20°, 
30° and 40°.
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C measured C ideal (no friction)
[°] [N/(mV/V)] [N/(mV/V)]
0 88,3 1 88,3
10 90,7 0,98 89,6
20 95,6 0,94 93,9
30 101,7 0,87 101,9
40 106,7 0,77 115,2
Angle of load α cos αAn example of calibration for the angle of load 30° is now reported. All the others calibrations are 
reported in the appendix A.
Tab.3.5. Unbalanced of the bridge (mV/V) of thebuckle clip Aimproved with teflon 
due to the loading ramp used to calibrate it with an angle of load of 30°
Fig. 3.30.Trend line and calibration of buckle clip A improved with teflon with angle of load of 30°
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Applied forces Cal. 1 Cal. 2 Cal. 3 Average Cal.  Average Cal.
[N]
0,00 0 0 0 0,00 0,000
22,56 146 138 135 139,67 0,183
46,11 321 335 306 320,67 0,420
77,99 561 548 547 552,00 0,723
109,87 810 782 847 813,00 1,065
147,15 1084 1060 1055 1066,33 1,397
109,87 929 922 918 923,00 1,209
77,99 681 668 614 654,33 0,857
46,11 407 404 375 395,33 0,518
22,56 208 200 191 199,67 0,262
0,00 1 0 0 0,33 0,000
[μm/m] [μm/m] [μm/m] [μm/m] [mV/V]
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0
0,2
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0,8
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1,4
1,6
1,8
f(x) = 0,00990x + 0,00877
Cal. Med. [mV/V]
Regressione lineare per Cal. 
Med. [mV/V]
Force [N]
Sensibility: S = 0,00990 (mV/V)/N
Coefficient of calibration: C = 101,0 N/(mV/V)All coefficients of calibration for each angle of load are summaried e compared to their respective 
coefficients of ideals calibration (frictionless), in the following table:
Tab. 3.6. Comparison beetween the coefficients of measured calibration and the ideal ones
for buckle clip improved with teflon
It's easy to observe that using the teflon as a surface of contact, the hysteresis is reduced, so the 
measure of the instrument will be more precise. However the difference between the measured C 
and the ideal C is still very high.
3.5.3. Comparison between original clip and the improved one with a layer of teflon
First of all all the graphs referred to a specific angle of load are plotted, to compare the hysteresis 
into the two layouts.
Fig. 3.31. Comparison between the graphs of calibration with and without teflon
for an angle of load equal to 0°
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C measured C ideal (no friction)
[°] [N/(mV/V)] [N/(mV/V)]
0 90,3 1 90,3
10 90,4 0,98 91,7
20 92,4 0,94 96,1
30 101,0 0,87 104,3
40 109,9 0,77 117,9
Angle of load α cos  α
0 20 40 60 80 100 120 140
0
0,2
0,4
0,6
0,8
1
1,2
1,4
1,6
1,8
Average Cal. (no teflon) [mV/V]
Average Cal. (teflon) [mV/V]
Force [N]Fig. 3.32. Comparison between the graphs of calibration with and without teflon
for an angle of load equal to 10°
Fig. 3.33. Comparison between the graphs of calibration with and without teflon
for an angle of load equal to 20°
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Fig. 3.35. Comparison between the graphs of calibration with and without teflon
for an angle of load equal to 40°
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Force [N]From the graphs it is possible to calculate tha area of hysteresis for each load case and to draw a 
new graph to compare the relevance of the hysteresis effect with teflon and without teflon. Results 
are reported in the following table and graph.
Tab. 3.7. Value of hysteresis for buckle clip A with and without teflon
Fig. Comparison between the areas of hysteresis for clip buckle A with and without teflon
It's easy to observe like the hysteresis effect reduces in each angles of load, using the new solution 
with a layer in teflon added, and this is positive.
However, the difference between measured C and ideal C is still very high. So, to better manage the 
friction effect on the measure, all value measured [mV/V] are plotted in a graph in function of the 
force parallel instead of the nominal force so to calculate new coefficients of calibration Cp that are 
not dependent by the angle of fload.
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0
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A. of Hysteresis (no teflon) 
[N*mV/V]
A. of Hysteresis (teflon)  
[N*mV/V]
Angle of load [°]
Angle of load [°] A. of Hysteresis (no teflon) [N*mV/V] A. of Hysteresis (teflon)  [N*mV/V]
0 10,50 9,44
10 16,93 12,36
20 19,70 14,30
30 26,32 13,79
40 16,26 14,24The parallel force is defined as the force tangent to the rack:
Fp(α)=Fcosα
The force Fp for each angle of load become:
Tab. 3.7. Load ramps applied tangents the rack for differents angles of load
Following two graphs representing all the calibrations in function of the parallel force, for each 
angle of load.
Fig. 3.37. Calibrations in funcion of Fp for all angles of load of buckle clip A
67
[N] [N] [N] [N] [N]
0,00 0,00 0,00 0,00 0,00
22,56 22,22 21,20 19,54 17,28
46,11 45,41 43,33 39,93 35,32
77,99 76,80 73,29 67,54 59,74
109,87 108,20 103,25 95,15 84,17
147,15 144,91 138,28 127,44 112,72
109,87 108,20 103,24 95,15 84,17
77,99 76,81 73,29 67,54 59,74
46,11 45,41 43,33 39,93 35,32
22,56 22,22 21,20 19,54 17,28
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Fp(α=0) Fp(α=10) Fp(α=20) Fp(α=30) Fp(α=40)
0 50 100 150 200
0
0,2
0,4
0,6
0,8
1
1,2
1,4
1,6
1,8
f(x) = 0,01224x + 0,01639
f(x) = 0,01135x + 0,01949
f(x) = 0,01114x + 0,04385
f(x) = 0,01119x + 0,02153
f(x) = 0,01133x + 0,01667 without teflon
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Regressione lineare per 0° 
[mV/V]
10° [mV/V]
Regressione lineare per 10° 
[mV/V]
20° [mV/V]
Regressione lineare per 20° 
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30° [mV/V]
Regressione lineare per 30° 
[mV/V]
40° [mV/V]
Regressione lineare per 40° 
[mV/V]
Fp [N]Fig. 3.38. Calibrations in funcion of Fp for all angles of load of buckle clip A improved with teflon
All new sensibilities and coefficients of calibration are so recalculated and collected in the 
following table:
Tab. 3.8. Values of the senisibilities and the coefficients of calibration in funcion of Fp
To compare the trand of the coefficient of calibration Cp in the two cases the following graph has 
been plotted, from which it can be noticed that the trend of the solution with the layer in teflon 
added is not so better than the initial solution. Mabye this fact is due to the high deformability of the 
layer of teflon used as a surface of contact.
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Angle of load [°] 0 10 20 30 40
Sp (no teflon) [(mV/V)/N ] 0,01133 0,01119 0,01114 0,01135 0,01224
Sp (teflon) [(mV/V)/N ] 0,01107 0,01124 0,01152 0,01143 0,01188
88,3 89,4 89,8 88,1 81,7
Cp (teflon) [N/(mV/V)] 90,3 89,0 86,8 87,5 84,2
Cp ideal (frictionless) [N/(mV/V)] 90,3 90,3 90,3 90,3 90,3
Cp (no teflon) [N/(mV/V)]
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f(x) = 0,01143x + 0,00877
f(x) = 0,01152x + 0,01459
f(x) = 0,01124x + 0,02177
f(x) = 0,01107x + 0,01057 with teflon
0° [mV/V]
Regressione lineare per 0° 
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10° [mV/V]
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[mV/V]
20° [mV/V]
Regressione lineare per 20° 
[mV/V]
30° [mV/V]
Regressione lineare per 30° 
[mV/V]
40° [mV/V]
Regressione lineare per 40° 
[mV/V]
Fp [N]Fig. 3.39. Comparison between the trend of Cp for buckle clip A with and without teflon.
If the gauges works with angles of load lower than 30° the improved solution is very good to 
analyze forces on gauges during skiing, otherwise, mabye, could be useful to improve the clip 
buckle A another time. 
693.6. ANGLES OF LOAD ANALYSIS
Through an analysis in 5 type of different boots, it has been measured the load angle defined as the 
complementary angle to the angle that have the contact between the top rack and the hook as vertex 
and haveof the line parallel to the horizontal surface of the clip and the segment connecting the 
vertex to the joint boot-hook as sides. To give repeatability to the measures, all hooks have been 
screwed as it will go. Then the angles have been determinated analysing photos with Kinovea.
Fig. 3.40. Example of angle misuration using kinovea
The buckles have been numbered following this rule:
– The buckle, nearest to the tip of the boot is called 1. All the others are numbered in 
ascending order.
– The tooth, nearest to the hook is called number 1.All the others are numbered in ascending 
order.
So for example, the configuration 2.3. have the hook of the second buckle pulling his third tooth.
70All data has been archivied in the following table.
Tab. 3.9. Load angles for different types of ski boots.
From the analysis can be generalized that the load angles acting on the gauges of ski boots vary 
between 30 and 45°.
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1 2 3 4
Ski boot name Colour Company 3 4 5 3 4 5 6 3 4 5 6 3 4 5 6
Phoenix 70 40 35 35 34 33
Phoenix 100 red Tecnica 38 38 35 35 32 33 33 33 38 34 34 36
Diablo R150 orange Tecnica 43 38 34 38 35 35 37 35 37
Fire arrow orange Nordica 41 35 30 31 33 36 44 42 43 45
Dahu white Dahu sports 1 2
3 4 5 6 7 8 3 4 5 6 7 8
33 33 34 34 39 41 38 38 40 40 42 443.7. CALIBRATION OF CLIP BUCKLE E
3.7.1. Calibration strategy
The first step is to design a system that allow to well calibrate the load cell.
The clip will work between two tipical rings used in velcro closure systems. So to reproduce the 
same connection clip-ring, a ring of a velcro closure system has been taken from an old ski boot of 
the university of Padua and it has been fixed to a rigid beam, through a thin beam in steel fixed to 
the rigid beam through a clamp like in the photo.
Fig. 3.41. System designed for the calibration of buckle clip E
Then, the calibration is made by applying different forces notes, and associating the value read by 
the strain gauges to the value of these forces.
72The value zero has been associated to the hook hung on the rack with the pulley-system added like 
an additional mass, then some known masses have been added up to a maximum value and then 
removed with logic LIFO.
Tab. 3.10. preliminary data for the calibration of buckle clip E
Tranforming the loading ramp in Newton, assigning zero to the initial weight due to the pulley 
system and adding the unloading ramp to the loading ramp, the complete loading ramp becomes:
Tab. 3.11. Loading ramp used for the calibration of buckle clip E
All the procedure is done three times to mediate the results and obtain a precise calibration.
The last step is to calculate the sensibility and the coefficient of calibration of the buckle clip.
The coefficient of calibration C of this clip buckles depends on angle of load, friction, temperature, 
so it should be useful to explore as C varies changing these parameters. 
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Gauge factor K = 1,97
Bridge factor BF = 2,66
Loading ramp:
cumulative weight
[kg]  [kg]
Initial weight 1,65 1,65
Weight 1 2,30 3,95
Weight 2 2,40 6,35
Weight 3 3,25 9,60
Weight 4 3,25 12,85
Weight 5 3,80 16,65
[N]
Initial weight 0,00
Weight 1 22,56
Weight 1, 2 46,11
Weight 1, 2, 3 77,99
Weight 1, 2, 3, 4 109,87
Weight 1, 2, 3, 4, 5 147,15
Weight 1, 2, 3, 4 109,87
Weight 1, 2, 3 77,99
Weight 1, 2 46,11
Weight 1 22,56
Initial weight 0,003.7.2. Calibration analysis
Tab. 3.12. Unbalanced of the bridge (mV/V) of clip buckle E due to the loading ramp applied
The average calibration calculated as an average between Cal. 1, Cal. 2 and Cal. 3 is plotted in a 
graph with the applied force in abscissa so to calcualte the sensibility of the clip buckle in this load 
condition.
Fig. 3.42. Trend line and calibration of buckle clip E
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Apllied forces Cal. 1 Cal. 2 Cal. 3 Average Cal. Average Cal.
[N]
0,00 0 0 0 0,00 0,000
22,56 56,7 56,7 55 55,85 0,000
46,11 113 114,5 115,8 115,15 0,000
77,99 194 195,9 195,8 195,85 0,000
109,87 276,4 280 279,8 279,90 0,000
147,15 375,2 377,5 387,5 382,50 0,000
109,87 281,6 283,2 285,1 284,15 0,000
77,99 198,8 201,2 201,6 201,40 0,000
46,11 117,3 118,9 117,3 118,10 0,000
22,56 56,5 57,7 58,2 57,95 0,000
0,00 -0,8 -1,4 0 -0,70 0,000
[μm/m] [μm/m] [μm/m] [μm/m] [mV/V]
0 20 40 60 80 100 120 140 160
0
0,1
0,2
0,3
0,4
0,5
0,6
f(x) = 0,00339x - 0,00229
Cal. Med. [mV/V]
Regressione lineare per Cal. 
Med. [mV/V]
Force [N]
Sensibility: S = 0,00339 (mV/V)/N
Coefficient of calibration: C = 295 N/(mV/V)4.
TEST BENCH
DESIGN AND CONSTRUCTION
ABSTRACT
The aim  of the work  was the adaption of a  servohydraulic  torsion  for  the execution  of 
flexion/torsion tests on ski boots. So, we tried to adapt the existing torsion bench in laboratory with 
a suitable structure to test the boots and evaluate the stiffness behaviour, in particular by considering 
forward, rearward bending, rebound, in order to compare them between different types of ski boots 
and carry out some analysis.
KEYWORDS:
alpine ski-boot, lab test, hook regulation, boot flexion angles, flex index, stiffness.
754.1. INTRODUCTION
University of Padua and Nordica usullay collaborate toghether to improve ski and snowboard 
equipment performance concerning security while skiing. In Nordica a machine is used to test ski-
boots and to simulate real skiing condition on boots and sometimes data results are sent to 
university of Padua to be analysed. Actually university of Padua isn't able to collect the same data 
because a similar machine to the Nordica's one doesn't exist.
Why test: To according ro the former considerations, a standard procedure to quantify the boot 
flexural stiffness is needed to correctly classify the boots, clearly expressing the boot stiffness to 
dealers and customers and helping users in the choice of the most suitable boots.
Object of the test: Ski-boots are fundamental pieces of equipment in alpine skiing. Their function 
is not only to protect the foot/ankle/tibia complex from the enviromental and mechanical 
solicitations, but also to ensure the correct and efficient load trasmission to the skis through the 
bindings while enabling the skier to reach the desired skiing posture in the case of a downhill, a 
turn, a jump, or a full stop.
When looking at technical specifications of ski-boots, most manufacturers report only the "flex 
index" that is associated with the boot stiffness in forward flexion. In particular, flex index is the 
value of bending moment about the boot hinge applied to a prosthetic leg in order to obtain a 
forward leaning angle of 10° from the neutral position. So, in this work, we design a proper 
machine test to evaluate boots parameters, and it could be able to compare them among different ski 
boots brands.
Lab test: From the technical point of view of the boot flexural testing, all boot manufacturers and 
test laboratories have developed their own test setup, with the boot sole applied to a fixture and a 
loading arm able to flex the boot by means of a prosthetic leg simulating the shank-foot complex of 
the skier. When designing a standard test method to quantify the boot flexural stiffness is used, it is 
also fundamental to reproduce the real field usage conditions of the boots, in order to ensure that the 
range of deflections/moments applied in the laboratory setup are representative. We tried to design a 
machine test able to work in torque and rotation control to evaluate the stiffness of boots, by 
adapting a proper frame to a servohydraulic torsion bench.
764.1.1. Instrumentation
Servohydraulic torsion bench
In university of padua labs there is a servohydraulic torsion bench that might be used for the 
execution of flexion test on ski-boots like in Nordica. So some tools have been projected to adapt 
the existing torsion bench, and to allow to simulate real flexion condition during skiing like the 
Nordica machine.
Fig. 4.1. Torsion bench
Sky boots
Different boots were chosen from different market segments and with different nominal Flex Index, 
mass and neutral angle. The neutral angle is ideally the angle of the tibia of a skier, and it is set 
according to a line perpendicular to the boot sole, without any muscular (dorsi/plantar Effect of boot 
stiffness on field and laboratory boot flexural behavior flexion) or ground reaction load (with the 
boot laying on the floor). Its measure is conventional and related to the adopted reference systems. 
Given a tibia prosthesis and a certain buckle closure setting, the neutral angle is the angle between a 
line perpendicular to the boot sole and the loading arm. 
77In the laboratory testing machine, the loading arm realize the neutral angle when a zero bending 
moment is applied. Usual values of this angle vary from 15° to 30° (forward), usually increasing 
from beginners towards racers applications.
All models in the range have essentially the same type of closure. Each boot has always four levers 
to clamp, two above the foot, two in the external side of the leg and there is also a strech band 
around the upper part of the boot. The closure system of the boot is based on a lever mechanism. In 
its extremity there is a hook which engages the teeth of a rack. The teeth are from four to six and 
thanks to them it is possible to customize the level of tightening. Still if there are some variations 
relating to the shape of the hook and the rack, the system always works in the same way. Once that 
the end of the hook engages the space between two adjacent teeth, it only remains to tighten the 
lever closing so that with its action the two flaps of the boot approach. The system is designed to 
multiply the closing force and to have a chuck mechanism.
Dummy silicon foot
To simulate the mechanical behaviour of the human leg inside the ski boota dummy silicon foot 
realized by the Department of Mechanical Engineering of the University of Padova was used. An 
alluminium pole 27mm diameter is connected to the dummy silicon foot so to allow the movement 
of the foot inside the ski boot. The pole could also represent the tibia of a man. 
Fig. 4.2. Dummy silicon foot
78Ski binding
A special ski binding, realized by the university of Padua has been used to anchor a ski boot to the 
bench ground in a rigid way. It is regulable for different size of boots and can be calibrated between 
0 and 30Din. It has been regulated to the maximum value avaiable (30 Din) so to block all nine 
degrees of freedom of the plant of the boot. Moreover it has to assure the alligment between the 
unkle and the centre of trotation of the  torsion machine.
 Fig. 4.3. Special ski binding of the university of Padua
Pneumatic jack
A pneumatic jack is used to apply a 
costant axial force to the boot in 
order to reply the weight effect on 
the tibia.
Fig. 4.4. Pneumatic jack     
794.2. DESIGN
4.2.1. Methods: Teamwork
Fig. 4.5. Teamwork of the project
To develop this part a teamwork has be organized to its benefits:
- Problem solving: A single brain can’t bounce different ideas off of each other. Each team member 
has a responsibility to contribute equally and offer their unique perspective to a problem to get to 
the best possible solution. Teamwork can lead to better decisions, products, or services. 
- Accomplish tasks faster: A single person taking on multiple tasks will not be able to perform at a 
same pace as a team can. When people work together they can complete tasks faster by dividing the 
work among people of different abilities and knowledge.
- Healthy competition: A healthy competition in groups can be used to motivate individuals and 
help the team excel.
- Developing relationships: A team that continues to work together will eventually strengthen a 
bond. This can help people to avoid unnecessary conflicts since they have become well acquainted 
with each other through the team work. Team members’ ratings of their satisfaction with a team is 
clinked to the level of teamwork processes present.
- Everyone has unique qualities: Every team member can offer their unique knowledge and ability 
to help to improve other team members. Through teamwork, the sharing of these qualities will 
allow team members to be more productive in the future.
804.2.2. Concept development
Fig. 4.6.  Concept scketch
Supposing that the sky boot rotate arond  the connection between the cuff, it has been obseved that 
the centre of rotation of the torsion bench was not aligned with the centre of rotation of the boot 
hypothesized. So a steel flat plate was needed to be fixed between the sky binding and the ground 
of the bench so to raise the boot and to have the two centre of roatation well aligned. So it has been 
defined and obtained the axis of rotation of the system.
A long plate with a section 100 x 20 mm x mm is fixed to the torsion bench with 4 screws at one 
extremity so that when the machine rotates around its centre of rotation, even the plate rotates 
arount the same axis of rotation. At the other extremity of the plate a “C” done by three shorter 
alluminium plates of the same section connected together is fixed, so to obtain a “P-arm”. To 
connect the pole of the dummy foot to the “P-arm” four wheels have been used, they drive the pole 
and allow small relative displacements during movement in the direction of the pole axis. The 
wheels are screwed to the “P-arm” into four holes, two of them have been bored to facilitate the 
coupling between pole and the four weels. 
81To reply the weight effect on the ski boot a  steel bar is needed to connect the piston of the 
pneumatic jack to the alluminum pole representing the tibia of a man. The connection was realized 
by a simple R16 hole in one side and a clamp of the same diameter of the alluminium pole (27mm) 
in the other side. Obviusly the distance between the centres of the two holes has to be equal to the 
distance between the centres of the piston of the jack and the wheels guideline.
Using MTS software, it is possible to move together the “P-arm”, the dummy silicon foot and the 
ski boot to a right angle of flexion. 
4.2.3. Selections of ideas
The machine test has been made considering and respecting some fundamental characteristics:
– simple and easy usable: the use of the test machine have to be as easy and intuitive as 
possible and it has to be compact, low cost and easy to assembly.
– low stress and low deformation: the geometry and shape has been designed to ensure a 
rigid structure to carry on the analysis and to avoid excessive deformations that cause yield 
strain or breaks of parts;
– low moment of inertia: as the machine test works in rotation control and the flexion 
moment is the parameter that we want to measure; so, we tried to design a structure with a 
low moment of inertia respect to the rotation axis, in order to have the best efficiency and 
accuracy of measurements;
– low volume used: in the future it could be userful to built an air-conditioning room to 
collect data in cold conditions.
The first step was to choose among three different positions of the jack in the "P-arm". So all the 
three positions have been designed and analyzed using a preliminar "P-arm" made using a simple 
rectangluar section 20x100 [mm x mm] in aluminium.
82All the solution have been analyzed using some softwer to better manage the task:
- LMS Virtual Lab, an engineer ing simulation software (computer-aided engineering, or CAE) 
has been used to take control about shape, geometry of each part and the total assembly.
- Ansys, an engineering simulation software (computer-aided engineering, or CAE) has been used 
to simulate the behaviour of the machine under load and to check information about the maximum 
deformation. To avoid to undersize the system or problems related to it, the connection trasmission 
frame was consided like a perfect joint so to have the maximum stresses on the "P-arm".
Fig. 4.7. Comparison between the three solutions in competition
To have information about deformations under load, Ansys has been used and all the hypothesis 
have been loaded by the same load condition:
- All deegrees of freedom locked in the centre of rotation i.e. in the middle of the connection 
between the "P-arm" and the flange of the torque machine;
- The jack is loading a vertical force equal to 1000 N;
- The "P-arm" is loaded by 1000000 Nm, so an equivalent force has been calculated, it acts in the 
middle of the two wheels using the formula: Moment/distance from the cerntre of rotation.
83HP 1: Jack on the "P-arm"
Fig. 4.8. Load and boundary condition acting on the structure in HP 1
Fig. 4.9. Deformation of the structure in HP 1
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Fig. 4.10. Load and boundary condition acting on the structure in HP 2
Fig. 4.11. Deformation of the structure in HP 2
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Fig. 4.12. Load and boundary condition acting on the structure in HP 3
Fig. 4.13. Deformation of the structure in HP 3
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Tab. 4.1. Value of the main characteristics analyzed in the three hypothesis
The first hypothesis is the best one in terms of maximum displacement, mass and moment of inertia 
but the jack doesn't work in the optimal direction. In fact it needs to pull to reply a weight effect on 
the ski boot, but it works better if it is pushed instead of pulled.
In the second one the jack works in the right direction, however it's the worst solution in term of 
maximum displacement, mass and moment of inertia.
The third solution has got the jack inside the "P-arm" working in is its optimal direction and it is the 
less high one but to allocate the jack inside, the "P-arm" has been enlarged. In terms of maximum 
displacement and moment of inertia this solution is a compromise between the other two ones. Of 
course this solution occupy the low volume and it is more elegant than the other two ones.
It has been decided to develop the third hypothesis with the jack inside of the "P-arm".
The next step was to choose the best type of arm to get the best performance. In the preliminary "P-
arm" all the structures were in aluminium. Now it has been decided to change the material of the 
arm with steel instead of aluminium. So it is confirmed the choice to have the other aluminum 
plates in aluminium while all the types of arms analyzed are in steel.
The section analyzed are:
– 1 rectangular equal to the one used in the preliminary hypothesis but in steel; 
– 2 tubes of different size with a rectangular section and thickness of 4 mm.
– 2 tubes of different size with a circular section and thickness of 4 mm.
– 1 shaft with a weight similar to the solution with a rectangular section.
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[mm] [rad] [Kg] [m] [m]
HP1 3,81 1,81E-02 7,54 1,94 0,86 0,140 3
HP2 6,34 1,87E-02 9,00 3,01 0,86 0,140 3
HP3 5,13 1,91E-02 8,90 2,50 0,74 0,150 5
max. Displacement max. Rotation Weight M. of inertia Higness Width Elegance
[Kgm^2]Section rectangular 100x20 mmxmm full
Fig. 4.14. Load and boundary condition acting on the structure
Fig. 4.15. Deformation of the structure
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Fig. 4.16. Load and boundary condition acting on the structure
Fig. 4.17. Deformation of the structure
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Fig. 4.18. Load and boundary condition acting on the structure
Fig. 4.19. Deformation of the structure
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Fig. 4.20. Load and boundary condition acting on the structure
Fig. 4.21. Deformation of the structure
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Fig. 4.22. Load and boundary condition acting on the structure
Fig. 4.23. Deformation of the structure
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Fig. 4.24. Load and boundary condition acting on the structure
Fig. 4.25. Deformation of the structure
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Tab. 4.2. Values of the main characteristics analyzed for the different section of the arm analyzed
To better choose the best section, for each characteristic (j), it has been associated a score to each 
section (i) analyzed, using the following rule. For each characteristics, it has been assigned the mark 
5 to the section more performant (b), and for the other sections a minor mark caluculated in the 
following way:
Yij=5(Xbj/Xij)
Where:
"Yij" is the mark associated to the section i for the characterisct j..
"Xbj" is the value of the section more performant regarding the characteristic j.
"Xij" is the value of the section i regarding the characteristic j.
Tab. 4.3. Scores of the main characteristics for the different section of the arm analyzed
It also has been calculated a total score using the following formula:
Y i=Σ j(Y ijxc j)
Where cj is the coefficient of importance of the characterisc j.
The weight is a characteristic not relevant to value the overall machine performance, so the 
coefficient of importance of the weight is zero.
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SECTION OF THE ARM
[mm] [rad] [Kg] [m]
1,71 6,25E-03 20,2 5,16 0,150 5
2,11 2,66E-03 11,97 2,92 0,170 5
boxed120x60x4 0,48 9,71E-04 12,88 3,04 0,190 5
tubolar D=88,9x4 1,08 1,26E-03 11,14 3,80 0,234 4
tubolar D=114,3x4 0,62 8,17E-04 13,02 4,06 0,264 4
1,57 1,74E-03 20,58 5,09 0,210 4
max. Displacement max. Rotation Weight M. of inertia Width Elegance
[Kgm^2]
rectangular 100x20
boxed 120x40x4
circular D=60
SECTION OF THE ARM
3 3 0 3 3 3
1,40 0,65 2,76 2,83 5,00 5 44,66
1,14 1,54 4,65 5,00 4,41 5 51,25
boxed120x60x4 5,00 4,21 4,32 4,80 3,95 5 68,87
tubolar D=88,9x4 2,22 3,24 5,00 3,84 3,21 4 49,53
tubolar D=114,3x4 3,87 5,00 4,28 3,60 2,84 4 57,92
1,53 2,35 2,71 2,87 3,57 4 42,95
max. Displacement max. Rotation Weight M. of inertia Width Elegance
Coefficient of importance Total score
rectangular 100x20
boxed 120x40x4
shaft D=60Comparing all the different types of arms, the hollow sections occupy more volume then the full 
ones but they provide a higher performance in all the other parameters. For this reason hollow 
sections are preferred rather than the full one.
In Ansys, comparing differents arms having more or less of the same mass, with circular sections 
and with "boxed" sections, the circular sections are better in terms of maximum rotation around the 
axis of the section, while the "boxed" sections are better in terms of maximum displacement.
However an arm with a circular section needs an additive connector to connect the plates in 
alluminium with the steel arm, so it loses a bit of elegance and lightness.
It has been decided to use a "boxed" section 120 x 60 x 4mm for is high performance and also for 
the elegance of all the machina so assemblied. 
4.2.4. Discussion and optimization
Reasons for the choice:
There is not a perfect solution in absolute so a choice of compromise is needed. The choice has 
been done looking for the best compromise among: - maximum displacement
                                                                                   - maximum rotation
                                                                                   - moment of inertia
                                                                                   - occupied volume
                                                                                   - elegance.
It's really elegant and it will be accurate and efficient according to the objectives. It also will 
minimize the occupied volume.
Difficulties and uncertainties:
First of all it is not easy to understand how the skier’s weight is discharged on the ski boot during 
skiing and there are also limited information about a similar machine.
Secondly a lot of ideas have been collected in the concept design and there is not a perfect solution 
in absolute, so a choice of compromise has to be made.
It is not easy to design without to meeting any troubles, in fact we disign the system many times 
before obtaining the optimized and final project. It's also necessaryo to design paying attention to 
logistic problems.
95Optimization
First of all it has been decided that the machine has to be able to test all sizes of ski boots. So the 
arm has been stretched and it will be possible to assembly the "P-arm" to three different hights 
throught three levels of holes in the arms far beetween each other 40 mm.
To assure the fatigue resistance of the machine the thickness has been improved to 6 mm instead of 
4 mm, a thin plate 100 x 100 x 10 mm x mm x mm has been added in correspondence of the 
connection between the "P-arm" and the flange of the torque machine and when the arm will be 
bought, a cap will be welded in the upper section to avoid that the rectangular section might become 
a rhombus.
4.2.5. Drawings
The inventory of all materials and pieces necessary to build the machine in now reported.
Tab. 4.4. Inventory of the material needed to assemble the machine 
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Quantity Description Dimension Material Supplier
1 A square section tube 120x60x6 _ 850mm long Steel Albasiderurgica
1 Plate 100x100x1 Steel
4 Screws M8 Steel inox
10 Screws M8
4 Washers M8
4 Nuts M8
4 Screws M10
4 Washers M10
2 Plates 110x100x20 Aluminium
1 Plate 220x100x20 Aluminium
4 Wheels D 50mm _ M16 Cati
5 Washers M16
4 Nuts M16 thin. Coarse pitch. Cati
1 Bar 96x30x25 Steel
1 Bar 50x50x35 Steel
1 Nuts M16. Coarse pitch Cati3D Drawings of the machine designed realized using LMS Virtual Lab are now reported.
Fig. 4.26. Isometric view of the machine
97Fig. 4.27. Orthogonal projections of the machine
98Drawings of the machine designed using Acad are now reported.
991001014.3. CONSTRUCTION AND TESTING
The "P-arm" constructed and assembled on the torsion bench machine is shown in the following 
photo. In the photo ski boot Phoenix 70 is performing a test.
Fig. 4.28. Test bench machine at work.
The machine is able to move the ski boot forward and backward controlling the "P-arm" angle. The 
arm machine can be moved with different velocities that we called  ω  arm [°/s] and while the 
machine is forcing the ski boot forward or backward a load cell record the moment acting on the 
ankle called Ma. The ankle is supposed alligned with the centre of rotation of the machine and with 
the centre of rotation of the ski boot.
An example of graph that can be obtained by this machine is now shown.
102Fig. 4.29. Example of Ma aquisition during a test with the test bench machine.
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RESERCH TESTS
ABSTRACT
Aim of the work is to test different type of ski boots using the bench and the clip buckle designed to 
evaluate the stiffness behavior, in particular by considering forward, rearward bending, rebound, in 
order to compare them and carry out some analysis.
KEYWORDS:
alpine ski-boot, lab test, hook regulation, boot flexion angles, flex index, stiffness.
1045.1. INTRODUCTION
5.1.1. Instrumentation
Servohydraulic torsion bench designed
In university of padua labs there is a servohydraulic torsion bench that has been adapted for the 
execution of flexion tests on ski-boots that try to simulate real flexion condition during skiing.
Fig. 5.1. Bench for ski boot
105Dummy silicon foot
To simulates the mechanical behaviour of human leg inside the ski boot was used a dummy silicon 
foot realized by the  Department of Mechanical Engineering of the University of Padova. An 
alluminium pole of the diameter of 27mm is connected to the dummy silicon foot so to allows 
movement of foot inside the ski boot. The pole could also represent the tibia of a man. 
Fig. 5.2. Dummy silicon foot
1065.2. METHODS
5.2.1. Independent variables
Sky boot models (5)
Five boots manufactured by different boot manufacturers were selected for the study. The ski boots 
choosen for this tests are:
– DAHU
– Tecnica Phoenix 70
– Tecnica Phoenix 100
– Tecnica Diablo R 150
– Nordica Fire arrow
The boots were chosen from different market segments and with different nFI and neutral angle 
values as reported in the following table. 
Model Company Year Nom. Flex Index θn [°]
DAHU Dahu sports 2013 19
Phoenix 70 Tecnica 2010 70 16
Phoenix 100 Tecnica 2010 100 20
Diablo R 150 Tecnica 2011 150 20
Fire arrow F2 Nordica 2012 Up to 125 progressive 22
Table 5.1. Ski boots tested
The neutral angle θn is ideally the angle to which the tibia of a skier is set with respect to a line 
perpendicular to the boot sole, without any muscular (dorsi/plantar flexion) or ground reaction load 
(with the boot laying on the floor). The effect of boot stiffness measure is conventional and related 
to the adopted reference systems: in this case of test in laboratory, the boot neutral angles i.e. the 
angle between a line perpendicular to the boot sole and the loading arm, is the angle of the tibia 
when a zero bending moment is applied to the boot. Usual values of this angle vary from 15 to 30 
(forward), usually increasing from beginner towards racer applications.
107Rcycle (2)
Actually we know that Nordica use two diffetrt procedure to test ski boot:
- Current Test procedure: a cyclic oscillation of the loading arm with the angle of the arm varying 
between -10 and +10 from the neutral angle, at a velocity of 7 cycles/min (4.6°/s), while recording 
the bending moment M and the boot flexural angles uSC and uCT. To evaluate the effect of test 
speed, this conventional flexural test was also performed at 25 cycles/min (16.6°/s).
- A New Test procedure: it was introduced by cycling the loading arm angle of the arm between -5 
and +15 from the neutral angle, following the outcomes of a recent study done by the university of 
Padua wich observe that a medium skier changes the angle of the tibia between the angles +15 and 
-5 respect the neutral angle during skiig at a velocity of of 7 cycles/min (4.6°/s).
Theese angles -10, +10, -5 and +15 are relative angles of the tibia so defined:
φTS = θTS- θn
where:
θTS is the absulute angle of the tibia with respect to a line perpendicular to the boot sole.
θn is the neutral angle.
Tibia angles and arm machine angles are considered equal.
Rcycle is a parameter defined to identify the rage of oscillation: +15/-5 and +10/-10.
Rcyle=−(+φTS/−φTS)
So when the arm machine oscillates between -10 and +10 Rcycle=1 and when the arm machine 
oscillates between -5 and +15 Rcycle=3.
Velocity of the arm machine, ωarm [°/s] (3)
Velocity of the arm machine ωarm is defined as the numer of degree done by the arm machine in 
the time of one second.
So in University of Padua Lab three different velocities of the arm machine have been analyzed. 
They have to be similrar to the nordica's ones and with standard values:
– velocity of 5°/s
– velocityof 20°/s
– velocity of 50°/s
108Buckles closure (2)
Each ski boot could be closed with a lot of buckles configuration. To give repeatability to the tests 
and measures all hooks have been screwed as it will go. Than it has been measured the load angle 
defined as the complementary angle to the angle that has the contact between the top rack and hook 
as vertex and it has of the line parallel to the horizontal surface of the clip and the segment 
connecting the vertex to the joint boot-hook as sides. 
The buckles has been numbered following this rule:
– The buckle nearest to the tip of the boot is called 1. All the others are numbered in ascending 
order.
– The tooth nearest to the hook is called number 1.All the others are numbered in ascending 
order.
So for example the configuration 2.3. have the hook of the second buckle pulling his third tooth.
To analyze loads acting on the ski boot buckles, the bcukle clips designed have been coupled to a 
precise buckle:
– buckle clip A for the buckle 1
– buckle clip B for the buckle 2
– buckle clip C for the buckle 3
– buckle clip D for the buckle 4
– buckle clip E for the stretch
The buckles have been numebered by the lower one (the nearest to the tip of the boot) to the upper 
one (the nearest to the tibia).
Each ski boot has the same buckles configuration in all tests. Buckles had been closed as if a skier 
have to ski, so the choose of the buckles configuration is a subjective choice.
By the way it has been also analyzed a "soft" buckles configuration, closing all the hooks on the 
previus tooth than in the usual "standard" buckles configuration.
Temperature (2)
Of course the ski boots properties vary with different temperatures. Physics and skiers experience 
tech us that ski boots are more stiff in cold condition. So tests have been performed on two different 
temperatures: 20° and -10°.
1095.2.1. Dependent variables
The indipendent variables are:
– The moment acting on the ankle Ma [Nm].
– The effectiveFI, defined as the moment acting on the ankle recordered in new test procedure 
(Rcycle=3) when φTS = +10.
– The coefficients of stiffness forword Kfw [Nm/°] and backward Kbw [Nm/°], defined as the 
slope of the Ma graph in the neighborhood (two degrees) of a certain angle.
– The area of hysteresis Ah [Nm°] of the cyclic graph of Ma in function of φTS.
– The trends of the loads acting on the buckles and on the velcro closure system.
5.2.2. Tests strategy
First of all, all the five ski boots have been tested following the six protocols of tests that have been 
made:
– oscillation of the machine arm between angle φTS=+10/-10 at a velocity ω arm=5°/s 
– oscillation of the machine arm between angle φTS=+10/-10 at a velocity ω arm=20°/s 
– oscillation of the machine arm between angle φTS=+10/-10 at a velocity ω arm=50°/s
– oscillation of the machine arm between angle φTS=+15/-5 at a velocity ω arm=5°/s
– oscillation of the machine arm between angle φTS=+15/-5 at a velocity ω arm=20°/s
– oscillation of the machine arm between angle φTS=+15/-5 at a velocity ω arm=50°/s
Each boots has been tested with the same buckles configuration in all tests.
Secondly Phoenix 70 and DAHU have been tested at a different temperature in cold contidion to 
evaluate the temperature effect on ski boots.
Than Phoenix has been tested with a buckle closure configuration "soft" to evaluate the buckles 
closure effect on ski boots.
It has been done a test that try to reproduce a cyclic repetition of external curves.
The value of +φTS, -φTS and the velocity ω arm forward and backward were chosen relying to a 
reserch of Univesity of Padua based on field tests.
110In this reserch mean values +φTS, -φTS and the velocity ω arm has been estimated for Phoenix 70, 
Phoenix 100 and Diablo 150.
For the boot Phoenix 70 theese values are:
– +φTS= +26°
– -φTS= -2°
– ω arm = 116°/s in forwarding
– ω arm = 136°/s in backwarding.
Moreover two rates of stationing have been setted:
– 0,5s of stationing at φTS= +26°
– 0,2s of stationing at φTS= -2
At the end it has been done a test with the only dummy foot roped on the force platform to evaluate 
if it absorbs a moment not inconsiderable and how much it is in the different tests.
Test num. Ski boot Procedure Buckles closure Temp.
1 DAHU φTS=+10/-10 and ω arm=5°/s 8,6 20°
2 DAHU φTS=+10/-10 and ω arm=20°/s 8,6 20°
3 DAHU φTS=+10/-10 and ω arm=50°/s 8,6 20°
4 DAHU φTS=+15/-5 and ω arm=5°/s 8,6 20°
5 DAHU φTS=+15/-5 and ω arm=20°/s 8,6 20°
6 DAHU φTS=+15/-5 and ω arm=50°/s 8,6 20°
7 Phoenix 70 φTS=+10/-10 and ω arm=5°/s Max,5,6,5 20°
8 Phoenix 70 φTS=+10/-10 and ω arm=20°/s Max,5,6,5 20°
9 Phoenix 70 φTS=+10/-10 and ω arm=50°/s Max,5,6,5 20°
10 Phoenix 70 φTS=+15/-5 and ω arm=5°/s Max,5,6,5 20°
11 Phoenix 70 φTS=+15/-5 and ω arm=20°/s Max,5,6,5 20°
12 Phoenix 70 φTS=+15/-5 and ω arm=50°/s Max,5,6,5 20°
13 Phoenix 100 φTS=+10/-10 and ω arm=5°/s Max,5,6,5 20°
14 Phoenix 100 φTS=+10/-10 and ω arm=20°/s Max,5,6,5 20°
15 Phoenix 100 φTS=+10/-10 and ω arm=50°/s Max,5,6,5 20°
16 Phoenix 100 φTS=+15/-5 and ω arm=5°/s Max,5,6,5 20°
17 Phoenix 100 φTS=+15/-5 and ω arm=20°/s Max,5,6,5 20°
18 Phoenix 100 φTS=+15/-5 and ω arm=50°/s Max,5,6,5 20°
11119 Diablo 150 φTS=+10/-10 and ω arm=5°/s Max,3,3,3 20°
20 Diablo 150 φTS=+10/-10 and ω arm=20°/s Max,3,3,3 20°
21 Diablo 150 φTS=+10/-10 and ω arm=50°/s Max,3,3,3 20°
22 Diablo 150 φTS=+15/-5 and ω arm=5°/s Max,3,3,3 20°
23 Diablo 150 φTS=+15/-5 and ω arm=20°/s Max,3,3,3 20°
24 Diablo 150 φTS=+15/-5 and ω arm=50°/s Max,3,3,3 20°
25 Fire arrow φTS=+10/-10 and ω arm=5°/s Max,5,5 20°
26 Fire arrow φTS=+10/-10 and ω arm=20°/s Max,5,5 20°
27 Fire arrow φTS=+10/-10 and ω arm=50°/s Max,5,5 20°
28 Fire arrow φTS=+15/-5 and ω arm=5°/s Max,5,5 20°
29 Fire arrow φTS=+15/-5 and ω arm=20°/s Max,5,5 20°
30 Fire arrow φTS=+15/-5 and ω arm=50°/s Max,5,5 20°
31 Phoenix 70 φTS=+10/-10 and ω arm=5°/s Max,5,6,5 -10°
32 Phoenix 70 φTS=+10/-10 and ω arm=20°/s Max,5,6,5 -10°
33 Phoenix 70 φTS=+10/-10 and ω arm=50°/s Max,5,6,5 -10°
34 Phoenix 70 φTS=+15/-5 and ω arm=5°/s Max,5,6,5 -10°
36 Phoenix 70 φTS=+15/-5 and ω arm=20°/s Max,5,6,5 -10°
37 Phoenix 70 φTS=+15/-5 and ω arm=50°/s Max,5,6,5 -10°
38 DAHU φTS=+15/-5 and ω arm=5°/s 8,6 -10°
39 DAHU φTS=+15/-5 and ω arm=20°/s 8,6 -10°
40 DAHU φTS=+15/-5 and ω arm=50°/s 8,6 -10°
41 Phoenix 70 φTS=+15/-5 and ω arm=5°/s Max,4,5,4 20°
42 Phoenix 70 φTS=+15/-5 and ω arm=20°/s Max,4,5,4 20°
43 Phoenix 70 φTS=+15/-5 and ω arm=50°/s Max,4,5,4 20°
44 Phoenix 70 Forwarding: φTS +26 and ω arm=116°/s
Backwarding: φTS -2 and ω arm=136°/s
Max,5,6,5 20°
45 Dummy foot φTS=+15/-5 and ω arm=5°/s - 20°
46 Dummy foot φTS=+15/-5 and ω arm=20°/s - 20°
47 Dummy foot φTS=+15/-5 and ω arm=50°/s - 20°
Tab. 5.2. List of all tests done
Some basic information about Ma and clamping forces behaiour are recordered in Appendix B.
To give repeatability and comparability to the data analysis, only the fifteenth and sixteenth cycles 
have been considered during all analysis. 
112The previous cycles has been cosidered cycles of adjustament and the following cycles have not 
been considered because the system "machine-ski boot" overheats.
The only exception was for the "cold-analysis" where only the fifth and sixth cycles have been 
considered during anaysis because we want to collect data when the sky boot is still freezed. And 
not overheats.
1135.3. SKI BOOTS ANALYSIS
5.3.1. Comparison between Rcycle=1 and Rcycle=3
To analyze the effect of the Rcycle on tests, now are reported all results of Phoenix 70 for the two 
different Rcycle.
Conventional tests: oscillation between angle φTS +10° and -10° (Rcycle=1)
Fig. 5.3. Moment ankle for different velocity of the machine arm
Tab. 5.3. Main characteristics of the boot for different velocities
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A hysteresis 732,2Nm° 591,2Nm° 426,5Nm°
Mmax 106,8Nm 105,1Nm 109,6Nm
Mmin -119,3Nm -129,9Nm -139,5Nm
Kfw 0° 7,8Nm/° 8,3Nm/° 6,1Nm/°
Kfw 10° 8,1Nm/° 10,3Nm/° 16,2Nm/°
Krw -10° 10,8Nm/° 11,3Nm/° 14,4Nm/°
ω arm = 5°/s ω arm = 20°/s ω arm = 50°/sNew tests: oscillation between angle φTS +15° and -5° (Rcycle=3)
Fig. 5.4. Moment ankle for different velocity of the machine arm
Tab. 5.4. Main characteristics of the boot for different velocities
To compare the effect of Rcycle on ski boot tests, the single graphs of Ma (Rcycle=1) have been 
compared one to one with the respective graphs (Rcycle=3) with the same velocity ω arm.
The graphs (Rcycle=3) have been traslated horizontally and vertically to be equivalent and 
overlapping with the (Rcycle=1) ones.
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Fig. 5.5. Comparison of Ma cycles for Rcycle=1 and Rcycle=3 both with a velocity of 5°/s
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Fig. 5.6. Comparison of Ma cycles for Rcycle=1 and Rcycle=3 both with a velocity of 20°/s
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Fig.5.7. Comparison of Ma cycles for Rcycle=1 and Rcycle=3 both with a velocity of 50°/s
Observing the three graphs the areas seem equivalent in forwarding and different in backwarding.
The procedures with φTS=+15/-5 (Rcycle=3) have Ma lower than the procedures with φTS=+10/-
10 (Rcycle=1) in backwarding.
5.8. Comparison of areas of hysteresys for Rcycle=1 and Rcycle=3 at different velocities
117The areas of hysteresis is equivalent in the two cases.
Fig. 5.9. Comparison of Ma max for Rcycle=1 and Rcycle=3 at different velocities
Fig. 5.10. Comparison of Ma min for Rcycle=1 and Rcycle=3 at different velocities
118Ma max is higher in tests with Rcycle=3. This is due to the fact that during the test with Rcycle=3 
the boot is guided by the arm machine to the relative angle φTS=+15° in forwarding that is greater 
than the angle φT=+10° of the tests with Rcycle=1.
Instead the absolute value of Ma min is higher in tests with Rcycle=1. This is due to the fact that 
during the test with Rcycle=1 the boot is guided by the arm machine to the relative angle φTS=-10° 
in backwarding that is greater than the angle φT=-5° of the tests with Rcycle=1.
5.11. Comparison of Kfw for Rcycle=1 and Rcycle=3 at different velocities
The coefficient of stiffness Kforward is calculated as the slope of Ma in the neighborhood of 9° for 
tests with Rcycle=1 and in the neighborhood of 14° for tests with Rcycle=3.
The coefficients of stiffness compared toghether seem equivalent in thetwo cases.
1195.12. Comparison of Ma max for Rcycle=1 and Rcycle=3 at different velocities
The coefficient of stiffness K backward is calculated as the slope of Ma in the neighborhood of -9° 
for tests with Rcycle=1 and in the neighborhood of -4° for tests with Rcycle=3.
The coefficients of stiffness Kbw for tests Rcycle=1 are higher then the Rcycle=3 ones.
1205.3.2. Ski boots comparison
All data from now reported refer to tests with Rcycle=3, so they refer to test with an oscillation of 
the arm machine between  angle φTS=+15 and φTS=-5.
5.13. Comparison of A hysteresis for different ski boots at different velocities
Comparing the trend of the area of hysteresis for different ski boots at different velocities we can 
adfirm that:
- A hysteresis decreases with the increasing of the velocity of the arm machine.
- With the exception of Diablo 150, A hysteresis seems proportional with the declared Flex Index.
1215.14. Comparison of A hysteresis for different ski boots at different velocities
Nordica calulates the Flex Index of a ski boot like the Moment at the ankle when the tibia and the 
arm machine are to the angle φTS=10° during tests with Rcycle=3 and a velocity of 4,6°/s.
So we decide to define and calulate the effective FI as in Nordica, but using three different 
velocities to evaluate the velocity effect.
By the graph we can say that:
- Phoenix 70, Phoenix 100 and Fire arrow have a similar behavior during tests and that the effective 
FI grovs up between ω arm=5°/s and ω arm=20°/s and decreases between ω arm=20°/s and ω 
arm=50°/s.
- the effective FI of DAHU grows up with the increase of the velocity.
- the effective FI of Diablo 150 decrease between ω arm=5°/s and ω arm=20°/s and increases 
between ω arm=20°/s and ω arm=50°/s.
The values of effective FI calculated with Rcycle=3 and a velocity of 5°/s are now compared with 
the declared FI by the companies.
122Ski boot Declared FI Effective FI
DAHU 66
Phoenix 70 70 79
Phoenix 100 100 116
Diablo R 150 150 131
Fire arrow F2 Up to 125 87
Tab. 5.5. Comaprison between declared FI by the company and the effective FI
Fig. 5.15. Comparison of Ma max for different ski boots at different velocities
123Fig. 5.16. Comparison of Ma min for different ski boots at different velocities
Comparing the graphs of Ma max and Ma min we can observe that ski boot trends are similar in 
each of the three graphs: Ma 10°, Ma max and Ma min.
By the graphs we can say that:
- Phoenix 70, Phoenix 100 and Fire arrow have a similar behavior during tests and that Ma grovs up 
between ω arm=5°/s and ω arm=20°/s and decreases between ω arm=20°/s and ω arm=50°/s.
- Ma of DAHU grows up with the increase of the velocity.
- Ma of Diablo 150 decrease between ω arm=5°/s and ω arm=20°/s and increases between ω 
arm=20°/s and ω arm=50°/s.
- The boots that have the higest values of Ma max in forward are the same that have the lowest 
value of Mmin in backward.
124Fig. 5.17. Comparison of K progr for different ski boots at different velocities
To evaluate the linearity of the response of the boot in forward K prog has been defined as follow:
Kprog=Kfw15°/Kfw10°
If the boot stiffness is the same into the two different angles φTS=15° and φTS=10° and so 
Kprog=1 the response of the boot is linear.
By the graph it is easy to observe that Kprog is alway ≥1 for exception of DAHU. Generally 
stiffness increases when the boot is flexing arond φTS=15° instead of φTS=10°.
However the responses of DAHU, Phoenix 100, Diablo 150 and Fire arrow ski boots could be 
defined linear while Phoenix 70 is not linear if a skier is flexing his tibia with a velocity between 
20°/s and 50°/s during skiing.
Curious is the behavior of DAHU that is the only boot that has Kprog<1 when the velocity 
ω arm=5°/s and ω arm=50°/s, while Kprog>1 when ω arm=50°/s.
1255.3.3. Temperature effect
To analyze the effect of the Temperature on ski boots propieties, now are reported results of 
Phoenix 70 tests with Rcycle=3 at the temperature of 20° and at the temperature of -10°.
Tab. 5.6. Main characteristics of Phenix 70 for different velocities and temperatures (Rcycle=3)
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Phoenix 70
A hysteresis: 713,7Nm° 563,7 Nm° 472,4Nm°
Mmax 124,0Nm 149,4 Nm 140,0Nm
M10° 79,0Nm 102,7 Nm 93,9Nm
Mmin -82,9Nm -74,7 Nm -86,5Nm
Kfw 0° 9,4Nm/° 9,0 Nm/° 8,0Nm/°
Kfw 10° 8,4Nm/° 8,1 Nm/° 10,2Nm/°
Kfw at 15° 9,7Nm/° 13,1 Nm/° 15,4Nm/°
Krw at -5° 8,2Nm/° 8,8 Nm/° 8,2Nm/°
Kprogr 1,16 1,62 1,5
Phoenix 70 freezed
A hysteresis: 1126,6Nm° 766,6 Nm° 1558,4Nm°
Mmax 216,8Nm 188,2 Nm 224,4Nm
M10° 146,3Nm 130,6 Nm 170,5Nm
Mmin -83,5Nm -87,1 Nm -119,6Nm
Kfw 0° 11,1Nm/° 10,4 Nm/° 13,0Nm/°
Kfw 10° 15,6Nm/° 15,7 Nm/° 18,5Nm/°
Kfw at 15° 15,1Nm/° 13,4 Nm/° 17,3Nm/°
Krw at -5° 10,5Nm/° 13,2 Nm/° 21,0Nm/°
Kprogr 0,97 0,85 0,94
ω arm = 5°/s ω arm = 20°/s ω arm = 50°/s
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Fig. 5.18.Comparison of Ma cycles at different temperatures both with a velocity of 5°/s (Rcycle=3)
Fig5.19.Comparison of Ma cycles at different temperatures both with a velocity of 20°/s (Rcycle=3)
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Fig5.20.Comparison of Ma cycles at different temperatures both with a velocity of 50°/s (Rcycle=3)
Fig. 5.21. Comparison of temperature effect on A hysteresis at different velocities (Rcycle=3)
128Fig. 5.22. Comparison of temperature effect on effective FI at different velocities (Rcycle=3)
Fig. 5.23. Comparison of temperature effect on Ma max at different velocities (Rcycle=3)
129Fig. 5.24. Comparison of temperature effect on Ma min at different velocities (Rcycle=3)
Fig. 5.25. Comparison of temperature effect on Kprogr at different velocities (Rcycle=3)
In cold condition the ski boot become more stiff.
This is this fact is known to every good skier and it is also demostrable observing the cyclic graphs 
and the comparison one.
130In tests with Phoenix 70 freezed:
- Areas of hysteresys are higher for all velocities.
- eFI = Ma 10° and Ma max = M 15° are higher for all velocities.
- Mmin = Ma -5° are lower for for all velocities.
Another efferct observable is that Phoenix response become more linear when the ski boot is cold. 
However this is not a general rule but only an observation in this ski boot model.
5.3.4. Buckles closure effect
To analyze the effect of the buckles closure effect on ski boots properties, now are reported and 
compared results of Phoenix 70 tests (Rcycle=3) with standard buckles configuration and with a 
soft buckles configuration. In the soft configuration, all hooks engage the rack a tooth before than 
the standad configuration.
Tab. 5.7. Main characteristics of Phenix 70 for different velocities and temperatures (Rcycle=3)
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Phoenix 70
A hysteresis: 713,7Nm° 563,7 Nm° 472,4 Nm°
Mmax 124,0Nm 149,4 Nm 140,0 Nm
M10° 79,0Nm 102,7 Nm 93,9 Nm
Mmin -82,9Nm -74,7 Nm -86,5 Nm
Kfw 0° 9,4Nm/° 9,0 Nm/° 8,0 Nm/°
Kfw 10° 8,4Nm/° 8,1 Nm/° 10,2 Nm/°
Kfw at 15° 9,7Nm/° 13,1 Nm/° 15,4 Nm/°
Krw at -5° 8,2Nm/° 8,8 Nm/° 8,2 Nm/°
Kprogr 1,16 1,62 1,5
Phoenix 70 soft
A hysteresis: 711,6Nm° 550,3 Nm° 381,3 Nm°
Mmax 136,9Nm 145,1 Nm 144,3 Nm
M10° 90,7Nm 99,0 Nm 96,2 Nm
Mmin -68,4Nm -73,3 Nm -68,8 Nm
Kfw 0° 6,9Nm/° 6,4 Nm/° 7,8 Nm/°
Kfw 10° 9,3Nm/° 7,0 Nm/° 11,6 Nm/°
Kfw at 15° 9,6Nm/° 8,8 Nm/° 8,7 Nm/°
Krw at -5° 7,9Nm/° 8,7 Nm/° 10,2 Nm/°
Kprogr 1,04 1,25 0,75
ω arm = 5°/s ω arm = 20°/s ω arm = 50°/s
ω arm = 5°/s ω arm = 20°/s ω arm = 50°/sFig. 5.26. Comparison of Ma cycles at different buckles closure both with a velocity of 5°/s 
(Rcycle=3)
Fig.5 .27. Comparison of Ma cycles at different buckles closure both with a velocity of 20°/s 
(Rcycle=3)
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]Fig. 5.28. Comparison of Ma cycles at different buckles closure both with a velocity of 50°/s 
(Rcycle=3)
Fig. 5.29. Comparison of buckles closure effect on A hysteresis at different velocities (Rcycle=3)
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]Fig. 5.30.Comparison of buckles closure effect on effective FI at different velocities (Rcycle=3)
Fig. 5.31. Comparison of buckles closure effect on Ma max at different velocities (Rcycle=3)
134Fig. 5.32. Comparison of buckles closure effect on Ma min at different velocities (Rcycle=3)
Fig. 5.33. Comparison of buckles closure effect on Kprogr at different velocities (Rcycle=3)
Observing the Ma cycles comparison graphs there are only some little differences on the shapes of 
the cycles. However the main ski boot proprietis as Area of hysteresis, effective FI, Ma max are 
unchanged. Ma min appears less negative when buckle configuration is soft. Another efferct is that 
Phoenix response become more linear when the ski boot is with the soft buckle configuration. 
1355.3.5. External curves simulation
During this test we appreciate that a sky boot is pushed at angles +φTS much higher than during 
conventional e new test protocols. This implies that:
- Ma is much higher
- Sky boot deforms a lot in forwarding
Now are plotted the Ma cycles and the buckles clamping forces trends to have a focused idea of 
how ski boot reacts to this test.
Fig. 5.35. Trend of buckles closure during external curves simulation
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5.3.6. Dummy silicon foot effect
To evaluate the only dummy silicon foot effect, it is necessary to rope it on the system "platform-
special sky binding" without any boot. It is fundamental that prothesis does not move and rotate 
especially, so it has been roped with three ropes:
- one to avoid forward traslation
- one to avoid backward traslation
- one to avoid rotation.
The dummy foot has been fixed like in the following photo, with the dummy heel well pressed on 
the inferior ski binding.
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degFig. 5.36. Dummy foot roped on the special sky binding during test
As always, all trhee tests with Rcycle=3 (with all three different velocities of the arm machine) was 
performed.
By the way, all data aquired were full or rumors due to some high-frequency vibration, mabye due 
to some little slipping of the tip back and forth during the testing. 
So it has been necessary to filter data with a low pass filter. 
Usually data analyzed are recordered with a frequency of 100Hz. In this case, data results has been 
filtered at:
- 12,5Hz in the test with ω=50°/s
- 5 Hz in the test with ω=20°/s
-1,25 Hz in the test with ω=5°/s.
138Fig. 5.37. Moment ankle for different velocity with the only dummy foot on the machine.
As expected, the tests show that the prosthesis is not free to bend and it absorbs a moment 
considerable and quantifiable.
So a prhotesis is of course necessary to test ski boots on a machine, but it is also necessary to know 
that a portion of the moment ankle is used to flex the dummy silicon foot inside the ski boot.
In order to standardize a method for classifying a ski boot, prbrably, it could be more correct to 
subtract dummy silicon foot Ma contribution on ski boot tests results. Above all because the dummy 
silicon feet of Nordica, Tecnica, University of Padua and so on, could be very different.
5.3.7. Focus on DAHU
To have a focused analysis on DAHU first of all are plotted trends of local deformations Df on the 
Front Cuff, the axial force Rf acting on the rear beam and the clamping forces Cf acting on the 
buckles. Moreover Δdf, ΔRf and ΔCf have been calculated as follow:
ΔDf=∣Df(φ=+15°)−Df(φ=−5°)∣
ΔRf=∣Rf(φ=+15°)−Rf (φ=−5°)∣
ΔCf=∣Cf(φ=+15°)−Cf(φ=−5°)∣
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Fig. 5.39. Trends of force acting on the rear beam of DAHU
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By the graph of local deformations trends:
- FCLL, FCML and FCMT deform much more than FCLT.
- FCML is the strain gauge more deformed.
- FCLL, FCML and FCMT are stretched when DAHU in pushed backward.
- FCLT is stretched when DAHU is pushed forward.
A rear force max of 540 N implies that Rear baem is very stressed in traction when the ski boot is 
pushed forward.
The clamping force is high if compared with usual clamping force. This is due to three reasons:
- DAHU has got only two buckles instead of the usual four buckles; so the work of four buckles 
have to be done by only two buckles in DAHU.
- DAHU cuff and shell are less stiff than usual cuffs and shells; so the ski boot is more deformable.
- DAHU cuff is divided in front cuff and rear cuff while in usual ski boots the cuff is one piece; so 
the buckles have to hold together front and rear cuff.
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5.4.1. Trend of clamping forces
Now are reported the trend of the clamping foce Cf recorded by the buckle clips during tests.
To simplify the analysis only the data of tests with Rcycle=3 and velocity  ω  arm=50°/s are 
reporded, beacuse this tests are the nearest to a real skiing behavior.
Fig. 5.41. Trend of clamping forces on buckles of ski boot DAHU
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Fig. 5.43. Trend of clamping forces on buckles of ski boot Phoenix 100
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Fig. 5.45. Trend of clamping forces on buckles of ski boot FIRE ARROW
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Cf bw [N] 233,9 119,6 7,2By the trends of clamping forces in the different ski boots it's easy to observe:
- Buckle 2 and buckle 3 relax going forward and pull going backward
- Buckle 4 and strap pull going forward and relax going backward for exception of Fire arrow, 
maybe because in this boot Buckle 3 doesn't exist. In fact he pulls going forward and backward and 
relaxes around the Fire arrow neutral angle (φTS=0°).
Moreover in all ski boots Buckle 2 is the buckle that has the maximum variation of clamping force 
during a cycle.
To better analyze and compare the clamping forces on the buckles, now are reported other graphs 
wher are compared the value of the clamping force when the arm machine, the tibia and so the boot 
are at the angles φTS=+15° (max forward) and φTS=-5° (max backward).
Fig. 5.46. Comparison of clamping force on buckle 2 for different ski boots
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Fig. 5.48. Comparison of clamping force on buckle 4 for different ski boots
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φTS=+15° (max forward)                  φTS=-5° (max backward) Fig. 5.49.Comparison of clamping force on strap for different ski boots
By this challenge we read that the buckles of DAHU are the most pulled and the buckles of Fire 
arrow are the second ones. This is likely due to the number of buckles in a ski boot.
In fact DAHU has only two buckles, Fire arrow has three buckles and all the others have four 
buckles.
5.3.4. Velocity effect
The next step is to analyze the velocity effect on buckles closure, so, now are reported the trends of 
clamping forces on the buckles of Phoenix 70 for three different velocities of tests ω arm=5°/s, 
ω arm=20°/s and ω arm=5°/s and Rcycle=3 in all tests.
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Fig. 5.51. Trend of clamping forces on buckles of ski boot Phoenix 70 with a velocity ω arm=20°/s
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Comparing the different trends we can adfirm that A hysteresis increases with the increasing of the 
velocity of the arm machine.
Now are plotted the trends of clamping forces on buckles when the boot is in max forward position 
(φTS=+15°) and in max backward position (φTS=-5°).
Moreover Δ Clamping force it has been calculated for each buckles. It's so defined:
ΔCf =∣Cf (φ=+15°)−Cf (φ=−5°)∣
149
-10 -5 0 5 10 15 20
-20
0
20
40
60
80
100
120
140
Phoenix 70 (Rcycle=3; ω=50°/s)
Buckle 2 [N]
Buckle 3 [N]
Buckle 4 [N]
Strap [N]
φTS [°]
Buckle 2 Buckle 3 Buckle 4 Strap
Cf fw [N] 43,2 31,4 55,6 84,4
Cf bw [N] 120,1 48,5 20,9 1,1Fig. 5.53. Comparison of clamping forces of Phoenix 70 buckles at different velocities 
when φTS=+15°
Fig. 5.54. Comparison of clamping forces of Phoenix 70 buckles at different velocities 
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150Fig. 5.55. Comparison of Δclamping forces of Phoenix 70 buckles at different velocities.
By theese graph we observe that:
- Buckle 2 relaxs more in forward with the increase of the velocity of the arm machine and so ΔCf 
grows up.
- Clamping force on Buckle 3 remain almost constant.
- Buckle 4 pulls more in forward and relaxs more in backward with the increase of the velocity of 
the arm machine and so ΔCf grows up.
- Strap pulls more in forward with the increase of the velocity of the arm machine and so ΔCf grows 
up.
5.4.3. Buckles realease
When a skier arrive to slopes, he immediately closes the buckles and than start to ski. After first run, 
he usually notices that the buckles seem a little softer with respect to the initial buckle closure 
condition . Whats happen to the buckles?
To aswer to this question, clamping force trends of first tests (i.e. when buckles have been closed 
recently) have been analyzed in deep. 
151An example of clamping force trend is now plotted.
5.56. Example of trend of clamping force [buckle 2 of Phoenix 70.(Rcycle=3, ω=5°/s)]
Actually the clamping force moves after the first few cycles and then stabilizes, so, by graphs like 
this, ΔCf have been calculated after the cycles 1, 2, 3, 4, 5, 10, 20, 30, 40 and 48.
The total number of cycles is 50 but cycles 49 and 50 are not reliable because the arm machine is 
decelerating.This analysis has been made for Phoenix 70, phoenix 100 and Diablo 150.
Trends of clamping force acting on buckles of the trhee ski boots are now reported.
Tab. 5.8. Value of ΔCf on buckles of Phoenix 70
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n° of cycle ΔCf B2 ΔCf B3 ΔCf B4 ΔCf Strap
0 0 0 0
1 31,68 14,4 -4,13 -2,41
2 36,15 16,82 -4,59 -2,78
3 37,11 17,35 -5,02 -2,6
4 37,33 17,57 -5,22 -2,6
5 37,35 17,67 -5,47 -2,6
10 37,08 17,72 -6,1 -2,97
20 36,73 17,78 -6,73 -3,15
30 36,51 17,8 -7,04 -3,15
40 36,45 17,88 -7,24 -3,15
48 36,32 17,8 -7,44 -3,34Fig. 5.57. Trend of ΔCf on buckles of Phoenix 70
Tab. 5.9. Value of ΔCf on buckles of Phoenix 100
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n° of cycle ΔCf B2 ΔCf B3 ΔCf B4 ΔCf Strap
0 0 0 0
1 -38,08 -50,5 -51,22 -59,35
2 -45,65 -57,18 -61,43 -64,36
3 -48,46 -61,46 -67,87 -66,58
4 -50,26 -62,96 -72,49 -67,7
5 -50,49 -64,82 -75,4 -68,62
10 -53,35 -70,42 -82,04 -69,74
20 -56,82 -77,21 -86,09 -71,41
30 -57,78 -78,29 -87,94 -71,96
40 -59,05 -80,54 -89,51 -72,15
48 -59,58 -81,44 -90,13 -71,96Fig. 5.58. Trend of ΔCf on buckles of Phoenix 100
Tab. 5.10. Value of ΔCf on buckles of Diablo 150
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n° of cycle ΔCf B2 ΔCf B3 ΔCf B4
0 0 0 0
1 -2,21 13,17 -3,48
2 -3,3 9,01 -3,53
3 -3,87 14,97 -4,65
4 -4,58 16,95 -4,99
5 -4,96 14,04 -5,07
10 -6,76 15,4 -6,56
20 -9,46 11,94 -7,75
30 -11,23 9,16 -8,38
40 -13,31 14,34 -9,29
48 -14,26 14,32 -9,55Fig. 5.57. Trend of ΔCf on buckles of Phoenix 70
By the graphs we can adfirm that:
- As we expected, strap realeases a lot skiing.
- The force acting on buckle 4 release while that one acting on buckle 2 and buckle 3 sometimes 
release and sometimes increase.
- Clamping forces stabilize after the first 20/30 cycles.
1555.CONCLUSION
The research questions have been satisfatied. Now University of Padua has a machine that is able to check 
information about ski boots structural behaviour and it is able to perform analysis on many ski boot closure 
systems through the designed buckle clips. So it will be able to collaborate much better with ski boots 
companies to reserch, improve and innovate ski boots. 
Moreover many other tests could be made and the same ski boot bench machine could be improved. For 
example tests with the pneumatic jack active are not performed yet.
From reserch tests that had already analyzed we discovered the following findings:
1) Rcycle influences ski boot tests: Ma max and Ma min are proportional to max forward angle and max 
backward done by the arm machine during a test.
2) The ski boots can be classified trough the effective Flex Index calculated as the Moment at the ankle 
when the tibia and the arm machine are to the angle φTS=10° during tests with Rcycle=3 and a 
velocity of 5°/s. The ski boots are ordered from most to least stiff as follows: Diablo 150, Phoenix 
100, Fire arrow, Phoenix 70, DAHU.
3) Temperature influences ski boot properties: low temperature made ski boots stiffer.
4) Buckles closure configuration seems not to have any influence on ski boot properties but other tests are 
needed to be sure of this find. Expecially because "standard" configuration and "soft" configuration have 
been tested in two different days.
5) Machine test is actually able to simulate external curves.
6) Dummy silicon foot  is not free to bend and it absorbs a considerable and quantifiable moment.
7) DAHU has been well improved; the rear cuff deforms less than its first prototype and now it's 
ready to enter in the market.
8) By the trends of clamping forces in the different ski boots we notice:
- Buckle 2 and buckle 3 relax going forward and pull going backward.
- Buckle 4 and strap pull going forward and relax going backward for exception of Fire arrow, 
maybe because in this boot Buckle 3 doesn't exist. In fact he pulls going forward and backward and 
relaxes around the Fire arrow neutral angle (φTS=0°).
Moreover in all ski boots Buckle 2 is the buckle that has the maximum variation of clamping force 
during a cycle.
9) The two buckles of DAHU are the most pulled and the three buckles of Fire arrow are the second 
ones. This is likely due to the number of buckles in a ski boot. In fact all the other ski boots have 
four buckles.
10) Strap realeases a lot skiing and clamping forces stabilize after the first 20/30 cycles.
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APPENDIX
IA. CALIBRATIONS
A.1. Calibrations of clip buckle A
Angle of load 0°:
II
Forces Cal. 1 Cal. 2 Cal. 3 Average Cal. Average Cal. Forces measured
[N] [N]
0,00 0 0 0 0,00 0,000 0,00
22,56 194 190 183 189,00 0,248 21,85
46,11 405 427 389 407,00 0,533 47,06
77,99 648 644 635 642,33 0,841 74,27
109,87 923 949 915 929,00 1,217 107,42
147,15 1236 1244 1279 1253,00 1,641 144,88
109,87 1028 1047 1056 1043,67 1,367 120,68
77,99 756 724 695 725,00 0,950 83,83
46,11 419 459 423 433,67 0,568 50,14
22,56 215 203 205 207,67 0,272 24,01
0,00 20 26 19 21,67 0,028 2,51
[μm/m] [μm/m] [μm/m] [μm/m] [mV/V]
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f(x) = 0,01133x + 0,01667
Cal. Med. [mV/V]
Regressione lineare per Cal. 
Med. [mV/V]
Force [N]
m = 0,01133 (mV/V)/N
C = 88,3 N/(mV/V)Angle of load 10°:
III
Forces Cal. 1 Cal. 2 Cal. 3 Average Cal. Average Cal. Forces measured
[N] [N]
0,00 0 0 0 0,00 0,000 0,00
22,56 167 165 168 166,67 0,218 19,27
46,11 396 339 368 367,67 0,482 42,51
77,99 633 628 620 627,00 0,821 72,50
109,87 886 862 918 888,67 1,164 102,75
147,15 1222 1196 1202 1206,67 1,581 139,52
109,87 1032 1029 1045 1035,33 1,356 119,71
77,99 711 757 766 744,67 0,976 86,10
46,11 468 459 424 450,33 0,590 52,07
22,56 238 231 257 242,00 0,317 27,98
0,00 14 -22 28 6,67 0,009 0,77
[μm/m] [μm/m] [μm/m] [μm/m] [mV/V]
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f(x) = 0,01102x + 0,02153
Cal. Med. [mV/V]
Regressione lineare per Cal. 
Med. [mV/V]
Force [N]
m = 0,01102 (mV/V)/N
C = 90,7 N/(mV/V)Angle of load 20°:
IV
Forces Cal. 1 Cal. 2 Cal. 3 Average Cal. Average Cal. Forces measured
[N] [N]
0,00 0 0 0 0,00 0,000 0,00
22,56 169 166 166 167,00 0,219 19,31
46,11 409 379 349 379,00 0,497 43,82
77,99 603 584 590 592,33 0,776 68,49
109,87 849 857 860 855,33 1,121 98,90
147,15 1149 1135 1154 1146,00 1,501 132,51
109,87 1012 1027 1028 1022,33 1,339 118,21
77,99 721 764 743 742,67 0,973 85,87
46,11 464 481 445 463,33 0,607 53,57
22,56 242 246 248 245,33 0,321 28,37
0,00 27 27 32 28,67 0,038 3,31
[μm/m] [μm/m] [μm/m] [μm/m] [mV/V]
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f(x) = 0,01046x + 0,04385
Cal. Med. [mV/V]
Regressione lineare per Cal. 
Med. [mV/V]
Force [N]
m = 0,01046 (mV/V)/N
C = 95,6 N/(mV/V)Angle of load 30°:
V
Forces Cal. 1 Cal. 2 Cal. 3 Average Cal. Average Cal. Forces measured
[N] [N]
0,00 0 0 0 0,00 0,000 0,00
22,56 125 100 99 108,00 0,141 12,49
46,11 324 294 264 294,00 0,385 33,99
77,99 560 508 511 526,33 0,690 60,86
109,87 790 765 746 767,00 1,005 88,69
147,15 1062 1027 1071 1053,33 1,380 121,79
109,87 968 944 965 959,00 1,256 110,89
77,99 733 723 730 728,67 0,955 84,25
46,11 455 434 448 445,67 0,584 51,53
22,56 238 211 226 225,00 0,295 26,02
0,00 22 1 4 9,00 0,012 1,04
[μm/m] [μm/m] [μm/m] [μm/m] [mV/V]
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f(x) = 0,00983x + 0,01949
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Regressione lineare per Cal. 
Med. [mV/V]
Force [N]
m = 0,00983 (mV/V)/N
C = 101,7 N/(mV/V)Angle of load 40°:
VI
Forces Cal. 1 Cal. 2 Cal. 3 Average Cal. Average Cal. Forces measured
[N] [N]
0,00 0 0 0 0,00 0,000 0,00
22,56 142 133 115 130,00 0,170 15,03
46,11 301 333 277 303,67 0,398 35,11
77,99 523 544 492 519,67 0,681 60,09
109,87 822 777 714 771,00 1,010 89,15
147,15 991 1005 1007 1001,00 1,311 115,74
109,87 896 896 894 895,33 1,173 103,52
77,99 620 666 638 641,33 0,840 74,16
46,11 398 407 399 401,33 0,526 46,40
22,56 168 216 197 193,67 0,254 22,39
0,00 -10 22 3 5,00 0,007 0,58
[μm/m] [μm/m] [μm/m] [μm/m] [mV/V]
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f(x) = 0,00937x + 0,01639
Cal. Med. [mV/V]
Regressione lineare per Cal. 
Med. [mV/V]
Force [N[
m = 0,00937 (mV/V)/N
C = 106,7 N/(mV/V)Angle of load 0° with teflon:
VII
Forces Cal. 1 Cal. 2 Cal. 3 Average Cal. Average Cal. Forces measured
[N] [N]
0,00 0 0 0 0,00 0,000 0,00
22,56 183 170 176 176,33 0,231 20,87
46,11 387 389 387 387,67 0,508 45,88
77,99 642 649 628 639,67 0,838 75,70
109,87 905 901 913 906,33 1,187 107,26
147,15 1211 1212 1221 1214,67 1,591 143,75
109,87 1003 993 992 996,00 1,305 117,87
77,99 730 715 698 714,33 0,936 84,54
46,11 432 419 430 427,00 0,559 50,53
22,56 196 202 213 203,67 0,267 24,10
0,00 1 0 0 0,33 0,000 0,04
[μm/m] [μm/m] [μm/m] [μm/m] [mV/V]
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Cal. Med. [mV/V]
Regressione lineare per Cal. 
Med. [mV/V]
Force [N]
m = 0,01107 (mV/V)/N
C = 90,3 N/(mV/V)Angle of load 10° with teflon:
VIII
Forces Cal. 1 Cal. 2 Cal. 3 Average Cal. Average Cal. Forces measured
[N] [N]
0,00 0 0 0 0,00 0,000 0,00
22,56 173 165 173 170,33 0,223 20,16
46,11 396 395 375 388,67 0,509 46,00
77,99 636 638 635 636,33 0,834 75,31
109,87 917 938 905 920,00 1,205 108,87
147,15 1221 1201 1212 1211,33 1,587 143,35
109,87 998 1009 1018 1008,33 1,321 119,33
77,99 741 736 744 740,33 0,970 87,61
46,11 438 443 458 446,33 0,585 52,82
22,56 229 224 239 230,67 0,302 27,30
0,00 0 -1 21 6,67 0,009 0,79
[μm/m] [μm/m] [μm/m] [μm/m] [mV/V]
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f(x) = 0,01106x + 0,02177
Cal. Med. [mV/V]
Regressione lineare per Cal. 
Med. [mV/V]
Force [N]
m = 0,01106 (mV/V)/N
C = 90,4 N/(mV/V)Angle of load 20° with teflon:
IX
Forces Cal. 1 Cal. 2 Cal. 3 Average Cal. Average Cal. Forces measured
[N] [N]
0,00 0 0 0 0,00 0,000 0,00
22,56 167 160 170 165,67 0,217 19,61
46,11 373 363 362 366,00 0,479 43,31
77,99 621 602 620 614,33 0,805 72,70
109,87 888 860 871 873,00 1,144 103,31
147,15 1189 1191 1169 1183,00 1,550 140,00
109,87 998 991 1003 997,33 1,307 118,03
77,99 733 724 734 730,33 0,957 86,43
46,11 445 392 448 428,33 0,561 50,69
22,56 224 192 233 216,33 0,283 25,60
0,00 1 -17 22 2,00 0,003 0,24
[μm/m] [μm/m] [μm/m] [μm/m] [mV/V]
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f(x) = 0,01082x + 0,01459
Cal. Med. [mV/V]
Regressione lineare per Cal. 
Med. [mV/V]
Force [N]
m = 0,01082 (mV/V)/N
C = 92,4 N/(mV/V)Angle of load 30° with teflon:
All the coefficient of alibration for each angle of load are summaried in the following table:
X
Forces Cal. 1 Cal. 2 Cal. 3 Average Cal. Average Cal. Forces measured
[N] [N]
0,00 0 0 0 0,00 0,000 0,00
22,56 146 138 135 139,67 0,183 16,53
46,11 321 335 306 320,67 0,420 37,95
77,99 561 548 547 552,00 0,723 65,32
109,87 810 782 847 813,00 1,065 96,21
147,15 1084 1060 1055 1066,33 1,397 126,19
109,87 929 922 918 923,00 1,209 109,23
77,99 681 668 614 654,33 0,857 77,44
46,11 407 404 375 395,33 0,518 46,78
22,56 208 200 191 199,67 0,262 23,63
0,00 1 0 0 0,33 0,000 0,04
[μm/m] [μm/m] [μm/m] [μm/m] [mV/V]
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f(x) = 0,00990x + 0,00877
Cal. Med. [mV/V]
Regressione lineare per Cal. 
Med. [mV/V]
Force [N]
m = 0,00990 (mV/V)/N
C = 101,0 N/(mV/V)Angle of load 40° with teflon:
XI
Forces Cal. 1 Cal. 2 Cal. 3 Average Cal. Average Cal. Forces measured
[N] [N]
0,00 0 0 0 0,00 0,000 0,00
22,56 131 133 121 128,33 0,168 15,19
46,11 309 327 274 303,33 0,397 35,90
77,99 511 531 503 515,00 0,675 60,95
109,87 731 745 721 732,33 0,959 86,67
147,15 1007 938 985 976,67 1,279 115,58
109,87 865 862 859 862,00 1,129 102,01
77,99 629 631 594 618,00 0,810 73,14
46,11 362 387 352 367,00 0,481 43,43
22,56 198 181 185 188,00 0,246 22,25
0,00 0 2 -13 -3,67 -0,005 -0,43
[μm/m] [μm/m] [μm/m] [μm/m] [mV/V]
m = 0,00910 (mV/V)/N
C = 109,9 N/(mV/V)
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f(x) = 0,009101x + 0,011987
Cal. Med. [mV/V]
Regressione lineare per Cal. 
Med. [mV/V]
Force [N[A.2. Calibrations of clip buckle B
Angle of load 0°:
XII
Forces Cal. 1 Cal. 2 Cal. 3 Cal. Med Cal. Med. Forces measured
[N] [N]
0,00 0 0 0 0,00 0,000 0,00
22,56 194 202 184 193,00 0,253 22,84
46,11 421 400 371 385,50 0,505 45,62
77,99 696 650 664 657,00 0,861 77,75
109,87 931 919 916 917,50 1,202 108,58
147,15 1250 1230 1223 1226,50 1,607 145,15
109,87 1016 999 977 988,00 1,294 116,92
77,99 727 710 669 689,50 0,903 81,60
46,11 451 444 424 434,00 0,569 51,36
22,56 228 209 217 213,00 0,279 25,21
0,00 1 6 -8 -1,00 -0,001 -0,12
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Regressione lineare per Cal. 
Med. [mV/V]
Force [N]
m = 0,01107 (mV/V)/N
C = 90,3 N/(mV/V)A.3. Calibrations of clip buckle C
Angle of load 0°:
XIII
Forces Cal. 1 Cal. 2 Cal. 3 Cal. Med Cal. Med. Forces measured
[N] [N]
0,00 0 0 0 0,00 0,000 0,00
22,56 185 170 165 167,50 0,219 19,32
46,11 385 374 392 383,00 0,502 44,17
77,99 689 643 637 640,00 0,838 73,81
109,87 946 918 925 921,50 1,207 106,27
147,15 1295 1246 1247 1246,50 1,633 143,75
109,87 1027 1033 1024 1028,50 1,347 118,61
77,99 745 746 700 723,00 0,947 83,38
46,11 442 424 420 422,00 0,553 48,67
22,56 247 224 214 219,00 0,287 25,26
0,00 22 7 -7 0,00 0,000 0,00
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0,00 50,00 100,00 150,00
0,000
0,200
0,400
0,600
0,800
1,000
1,200
1,400
1,600
1,800
f(x) = 0,01136x + 0,00329
Cal. Med. [mV/V]
Regressione lineare per Cal. 
Med. [mV/V]
Force [N]
m = 0,01136 (mV/V)/N
C = 88,0 N/(mV/V)A.4. Calibrations of clip buckle D
Angle of load 0°:
XIV
Forces Cal. 1 Cal. 2 Cal. 3 Cal. Med Cal. Med. Forces measured
[N] [N]
0,00 0 0 0 0,00 0,000 0,00
22,56 168 163 160 161,50 0,212 21,35
46,11 353 343 336 339,50 0,445 44,88
77,99 585 583 570 576,50 0,755 76,21
109,87 827 828 808 818,00 1,072 108,14
147,15 1100 1097 1099 1098,00 1,438 145,15
109,87 888 878 861 869,50 1,139 114,94
77,99 644 609 637 623,00 0,816 82,36
46,11 367 380 380 380,00 0,498 50,23
22,56 199 187 183 185,00 0,242 24,46
0,00 4 -3 -5 -4,00 -0,005 -0,53
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f(x) = 0,00991x + 0,00617
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Med. [mV/V]
Force [N]
m = 0,00991 (mV/V)/N
C = 100,9 N/(mV/V)B. TESTS
B.1. DAHU
N° of buckle N° of hook Angle of load Coeff. Of calibration
1 8 41 110
2 6 40 110
XVConventional tests: oscillation between -10° and +10°
Moment ankle for different velocities
Main characteristics of the boot for different velocities
XVI
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ω arm = 5°/s [Nm]
ω arm = 50°/s [Nm]
deg°
N
m
A hysteresis 711,5 Nm° 530,0Nm°
Mmax 82,63 Nm 78,2Nm
Mmin -131,0 Nm -139,4 Nm
Kfw 0° 7,0Nm/° 8,3Nm/°
Kfw 10° 7,4Nm/° 9,6Nm/°
Krw -10° 10,78 Nm/° 16,5Nm/°
ω arm = 5°/s ω arm = 50°/sNew tests: oscillation between -5° and +15°
Trend of strain and buckles closure in oscillation between -5° and +15° at velocity of 5°/s
Trend of strain and buckles closure in oscillation between -5° and +15° at velocity of 20°/s
XVII
FCLL FCLT FCML FCMT Rear beam Buckle 1 Buckle 2
[N] [N] [N]
in: 154,1 -162,2 -96,5 -64,4 178,0 283,4 195,1
out: 242,4 -155,1 -103,0 -87,6 183,5 279,0 187,3
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out: 218,7 -167,1 -133,9 -93,6 135,3 274,6 172,0
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sTrend of strain and buckles closure in oscillation between -5° and +15° at velocity of 50°/s
Moment ankle for different velocities
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FCLL FCLT FCML FCMT Rear beam Buckle 1 Buckle 2
[N] [N] [N]
in: 62,8 -149,6 32,2 36,7 145,0 280,4 191,0
out: 187,3 -148,5 91,2 48,6 128,3 272,2 199,7
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sMain characteristics of the boot for different velocities
Cold tests: oscillation between -5° and +15° with the boot freezed
Trend of buckles closure in oscillation between -5° and +15° at velocity of 5°/s with boot freezed
XIX
A hysteresis 707,3Nm° 533,8Nm° 378,7Nm°
Mmax 112,0Nm 125,8Nm 128,9Nm
M10° 66,3Nm 78,5Nm 92,4Nm
Mmin -97,0Nm -90,5Nm -81,6Nm
Kfw 0° 9,6Nm/° 8,9Nm/° 11,3Nm/°
Kfw 10° 9,5Nm/° 9,1Nm/° 12,0Nm/°
Kfw at 15° 8,8Nm/° 11,2Nm/° 10,2Nm/°
Krw at -5° 9,0Nm/° 11,6Nm/° 12,6Nm/°
ω arm = 5°/s ω arm = 20°/s ω arm = 50°/s
FCLT FCMT Rear beam Buckle 1 Buckle 2
[10μm/m] [10μm/m] [N] [N] [N]
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sTrend of buckles closure in oscillation between -5° and +15° at velocity of 20°/s with boot freezed
Trend of buckles closure in oscillation between -5° and +15° at velocity of 50°/s with boot freezed
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φTS FCLT FCMT Rear beam Buckle 1 Buckle 2
[deg] [10μm/m] [10μm/m] [N] [N] [N]
in: 143,4 208,0 -30,3 329,6 172,7
out: 146,4 229,9 -47,4 334,3 173,0
FCLT FCMT Rear beam Buckle 1 Buckle 2
[10μm/m] [10μm/m] [N] [N] [N]
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out: 80,6 154,1 -92,5 374,8 240,5
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Main characteristics of the boot for different velocities
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N
m
A hysteresis: 926,6Nm° 855,1Nm° 1310,7Nm°
Mmax 172,7Nm 176,9Nm 206,8Nm
M10° 104,4Nm 120,1Nm 148,1Nm
Mmin -113,8Nm -87,4Nm -107,7Nm
Kfw 0° 12,2Nm/° 11,5Nm/° 16,5Nm/°
Kfw 10° 12,4Nm/° 12,3Nm/° 13,3Nm/°
Kfw at 15° 14,3Nm/° 10,8Nm/° 17,0Nm/°
Krw at -5° 12,6Nm/° 14,8Nm/° 17,5Nm/°
ω arm = 5°/s ω arm = 20°/s ω arm = 50°/sB.2. Phoenix 70
Company: TECNICA
Year: 2011
Flex index: 70
Main characteristics:
– Polylefin Shell is lightweight
– Phoenix ComfortFit Liner 3D Technology
– Carbon Phoenix Buckles Buckles on the cuff catch have 3 Adjustable Positions
– Adjustable canting for perfect alignment
– 30mm Velcro Power Strap for support
 
Buckles closure used during tests:
N° of buckle N° of hook Angle of load Coeff. Of calibration
1 max nc nc
2 5 40 110
3 6 35 103
4 5 34 115
XXIIConventional tests: oscillation between -10° and +10°
Trend of buckles closure in oscillation between -10° and +10° at velocity of 5°/s
Trend of buckles closure in oscillation between -10° and +10° at velocity of 20°/s
XXIII
Buckle 2 Buckle 3 Buckle 4 Strap
[N] [N] [N] [N]
in: 84,3 36,6 36,0 5,2
out: 79,5 33,7 36,3 4,1
Buckle 2 Buckle 3 Buckle 4 Strap
[N] [N] [N] [N]
in: 83,2 34,9 38,5 10,2
out: 84,3 38,1 36,1 5,2
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sTrend of buckles closure in oscillation between -10° and +10° at velocity of 50°/s
Moment ankle for different velocities
XXIV
Buckle 2 Buckle 3 Buckle 4 Strap
[N] [N] [N] [N]
in: 79,6 33,7 36,1 3,9
out: 72,9 32,7 37,7 3,9
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sMain characteristics of the boot for different velocities
New tests: oscillation between -5° and +15°
Trend of buckles closure in oscillation between -5° and +15° at velocity of 5°/s
XXV
Buckle 2 Buckle 3 Buckle 4 Strap
[N] [N] [N] [N]
in: 66,3 32,5 41,6 3,7
out: 90,2 36,7 38,1 2,4
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A hysteresis: 732,2Nm° 591,2Nm° 426,5Nm°
Ma max 106,8Nm 105,1Nm 109,6Nm
Ma min -119,3Nm -129,9Nm -139,5Nm
Kfw 0° 7,8Nm/° 8,3Nm/° 6,1Nm/°
Kfw 10° 8,1Nm/° 10,3Nm/° 16,2Nm/°
Krw -10° 10,8Nm/° 11,3Nm/° 14,4Nm°
ω arm = 5°/s ω arm = 20°/s ω arm = 50°/sTrend of buckles closure in oscillation between -5° and +15° at velocity of 20°/s
Trend of buckles closure in oscillation between -5° and +15° at velocity of 50°/s
XXVI
Buckle 2 Buckle 3 Buckle 4 Strap
[N] [N] [N] [N]
in: 90,85 35,60 35,26 0,95
out: 83,71 33,65 35,8 1,48
Buckle 2 Buckle 3 Buckle 4 Strap
[N] [N] [N] [N]
in: 93,3 36,4 37,1 1,4
out: 101,3 42,9 33,2 0,2
30 30,5 31 31,5 32 32,5 33 33,5 34 34,5 35
-100,00
-50,00
0,00
50,00
100,00
150,00
200,00
φTS [deg]
Ma [Nm]
Strap [N]
Buckle 4 [N]
Buckle 3 [N]
Buckle 2 [N]
Buckle 1 [N]
s
15 15,2 15,4 15,6 15,8 16 16,2 16,4 16,6 16,8 17
-100,00
-50,00
0,00
50,00
100,00
150,00
200,00
Ma [Nm]
φTS [deg]
Strap [N]
Buckle 4 [N]
Buckle 3 [N]
Buckle 2 [N]
Buckle 1 [N]
sMoment ankle different velocities
Main characteristics of the boot for different velocities
XXVII
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A hysteresis: 713,7Nm° 563,7Nm° 472,4Nm°
Mmax 124,0Nm 149,4Nm 140,0Nm
M10° 79,0Nm 102,7Nm 93,9Nm
Mmin -82,9Nm -74,7Nm -86,5Nm
Kfw 0° 9,4Nm/° 9,0Nm/° 8,0Nm/°
Kfw 10° 8,4Nm/° 8,1Nm/° 10,2Nm/°
Kfw at 15° 9,7Nm/° 13,1Nm/° 15,4Nm/°
Krw at -5° 8,2Nm/° 8,8Nm/° 8,2Nm/°
ω arm = 5°/s ω arm = 20°/s ω arm = 50°/sCold tests: oscillation between -5° and +15° with the boot freezed
Trend of buckles closure in oscillation between -5° and +15° at velocity of 5°/s with boot freezed
Trend of buckles closure in oscillation between -5° and +15° at velocity of 20°/s with boot freezed
XXVIII
Buckle 2 Buckle 3 Buckle 4 Strap
[N] [N] [N] [N]
in: 79,4 41,0 19,2 5,4
out: 88,3 44,9 25,7 3,7
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Buckle 2 Buckle 3 Buckle 4 Strap
[N] [N] [N] [N]
in: 77,6 41,3 25,7 4,1
out: 114,7 56,9 23,7 5,4Trend of buckles closure in oscillation between -5° and +15° at velocity of 50°/s with boot freezed
Moment ankle different velocities
XXIX
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in: 98,5 52,0 25,5 19,0
out: 78,1 41,6 19,1 5,4
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Soft tests: oscillation between -5° and +15° with buckles configuration softer of one tooth
Trend of buckles closure in oscillation between -5° and +15° at velocity of 5°/s with buckles soft
XXX
A hysteresis: 1155,6Nm° 766,6Nm° 1558,4Nm°
Mmax 216,2Nm 188,2Nm 224,4Nm
M10° 146,3Nm 130,6Nm 170,5Nm
Mmin -82,0Nm -87,1Nm -119,6Nm
Kfw 0° 11,1Nm/° 10,4Nm/° 13,0Nm/°
Kfw 10° 15,6Nm/° 15,7Nm/° 18,5Nm/°
Kfw at 15° 14,1Nm/° 13,4Nm/° 17,3Nm/°
Krw at -5° 10,5Nm/° 11,9Nm/° 21,0Nm/°
ω arm = 5°/s ω arm = 20°/s ω arm = 50°/s
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Buckle 2 Buckle 3 Buckle 4 Strap
[N] [N] [N] [N]
in: 6,7 18,8 10,7 15,0
out: 9,2 37,9 4,0 5,7Trend of buckles closure in oscillation between -5° and +15° at velocity of 20°/s with buckles soft
Trend of buckles closure in oscillation between -5° and +15° at velocity of 50°/s with buckles soft
XXXI
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Buckle 2 Buckle 3 Buckle 4 Strap
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in: 9,7 19,3 5,4 3,2
out: 7,2 18,5 4,7 2,6
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Buckle 2 Buckle 3 Buckle 4 Strap
[N] [N] [N] [N]
in: 7,7 18,3 4,5 3,0
out: 5,5 16,8 3,8 3,3Moment ankle different velocities
Main characteristics of the boot for different velocities
XXXII
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A hysteresis: 711,6Nm° 550,3Nm° 381,3Nm°
Mmax 136,9Nm 145,1Nm 144,3Nm
M10° 90,7Nm 99,0Nm 96,2Nm
Mmin -68,4Nm -73,3Nm -68,8Nm
Kfw 0° 6,9Nm/° 6,4Nm/° 7,8Nm/°
Kfw 10° 9,3Nm/° 7,0Nm/° 11,6Nm/°
Kfw at 15° 9,6Nm/° 8,8Nm/° 8,7Nm/°
Krw at -5° 7,9Nm/° 8,7Nm/° 10,2Nm/°
ω arm = 5°/s ω arm = 20°/s ω arm = 50°/sExternal curves simulation: oscillation between -2° and +26°
Trend of buckles closure during external curves simulation
Moment ankle different during external curves simulation
XXXIII
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[N] [N] [N] [N]
in: 122,8 72,1 30,9 28,8
out: 56,4 30,5 21,0 5,2B.3. Phoenix 100
 
Company: TECNICA
Year: 2010
Flex index: 100
Main characteristics:
– Material: Polietere Trasparente & Polietere 3D technology
– Scarpetta: Phoenix Hiperfi t
– Leve: Embossed carbon Phoenix
– 3 Adj positions catch
– Air Shell System
– Delta Force Plus Device
– 35 mm Velcro Strap
Buckles closure used during tests:
N° of buckle N° of hook Angle of load Coeff. Of calibration
1 max nc nc
2 5 35 105
3 6 33 101
4 5 34 115
XXXIVNew tests: oscillation between -5° and +15°
Trend of buckles closure in oscillation between -5° and +15° at velocity of 5°/s
Trend of buckles closure in oscillation between -5° and +15° at velocity of 20°/s
XXXV
Buckle 2 Buckle 3 Buckle 4 Strap
[N] [N] [N] [N]
in: 247,4 231,8 174,0 73,8
out: 179,83 144,8 84,3 5,0
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out: 188,29 151,61 79,87 1,48
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sTrend of buckles closure in oscillation between -5° and +15° at velocity of 50°/s
Moment ankle different velocities
XXXVI
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Buckle 2 Buckle 3 Buckle 4 Strap
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in: 180,3 140,9 80,8 3,2
out: 179,0 137,6 81,4 2,8
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sMain characteristics of the boot for different velocities
XXXVII
A hysteresis 1052,7Nm° 871,2Nm° 665,0Nm°
Mmax 179,3Nm 198,6Nm 183,7Nm
M10° 116,6Nm 141,1Nm 130,8Nm
Mmin -116,9Nm -93,5Nm -109,1Nm
Kfw 0° 15,7Nm/° 15,5Nm/° 11,2Nm/°
Kfw 10° 11,8Nm/° 12,6Nm/° 12,8Nm/°
Kfw 15° 12,1Nm/° 13,1Nm/° 16,3Nm/°
Krw -5° 11,2Nm/° 13,5Nm/° 15,3Nm/°
ω arm = 5°/s ω arm = 20°/s ω arm = 50°/sB.4. Diablo R 150
 
Company: TECNICA
Year: 2011
Flex index: 150
Main characteristics:
– polyether material
– mono injected
– Inferno World Cup online
– racing screws carbon steel buckles
– Screwed World Cup catch
– No drop Cuff Catche system
Buckles closure used during tests:
N° of buckle N° of hook Angle of load Coeff. Of calibration
1 max nc nc
2 3 35 105
3 3 33 101
4 3 34 115
XXXVIIINew tests: oscillation between -5° and +15°
Trend of buckles closure in oscillation between -5° and +15° at velocity of 5°/s
Trend of buckles closure in oscillation between -5° and +15° at velocity of 20°/s
XXXIX
15 15,2 15,4 15,6 15,8 16 16,2 16,4 16,6 16,8 17
-200
-150
-100
-50
0
50
100
150
200
250
φTS [deg]
Ma [Nm]
Buckle 4 [N]
Buckle 3 [N]
Buckle 2 [N]
s
Buckle 2 Buckle 3 Buckle 4
[N] [N] [N]
in: 93,0 95,6 41,9
out: 89,1 85,8 39,5
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in: 110,3 86,0 50,0
out: 97,1 98,8 41,1Trend of buckles closure in oscillation between -5° and +15° at velocity of 50°/s
Moment ankle different velocities
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in: 89,0 85,8 39,6
out: 92,3 94,7 37,1
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sMain characteristics of the boot for different velocities
XLI
A hysteresis: 1061,0Nm° 563,7Nm° 489,1Nm°
Mmax 189,0Nm 187,2Nm 206,1Nm
M10° 131,5Nm 124,3Nm 144,0Nm
Mmin -121,6Nm -139,7Nm -133,3Nm
Kfw 0° 11,1Nm/° 14,9Nm/° 14,5Nm/°
Kfw 10° 10,9Nm/° 12,1Nm/° 13,7Nm/°
Kfw at 15° 11,5Nm/° 14,8Nm/° 16,5Nm/°
Krw at -5° 11,7Nm/° 16,0Nm/° 16,8Nm/°
ω arm = 5°/s ω arm = 20°/s ω arm = 50°/sB.5. Fire Arrow F2
 Company: NORDICA
Year: 2012
Flex index: up to 125 progressive
Main characteristics:
– Materials: Tr. Polyurethane Ether shell
– Flex Index: up to 125 progressive
– Liners: PFP Precision Fit liner with tech velvet lining
– Number of Buckles: 3 Alu buckles with micro adjustment
– Cuff Shape: 45 degree instep retention / Double canting adjustment
Buckles closure used during tests:
N° of buckle N° of hook Angle of load Coeff. Of calibration
1 max nc nc
2 5 35 105
3 5 43 114
XLIINew tests: oscillation between -5° and +15°
Trend of buckles closure in oscillation between -5° and +15° at velocity of 5°/s
Trend of buckles closure in oscillation between -5° and +15° at velocity of 20°/s
XLIII
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out: 226,6 119,7 -0,4
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in: 227,0 93,3 30,2
out: 224,1 105,1 15,6Trend of buckles closure in oscillation between -5° and +15° at velocity of 50°/s
Moment ankle for different velocities
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sMain characteristics of the boot for different velocities
XLV
A hysteresis: 864,1Nm° 732,1Nm° 651,6Nm°
Mmax 150,3Nm 173,8Nm 167,6Nm
M10° 86,5Nm 110,1Nm 100,0Nm
Mmin -106,3Nm -86,1Nm -103,7Nm
Kfw 0° 12,3Nm/° 10,8Nm/° 12,8Nm/°
Kfw 10° 11,3Nm/° 13,5Nm/° 17,1Nm/°
Kfw at 15° 13,2Nm/° 14,0Nm/° 16,8Nm/°
Krw at -5° 10,1Nm/° 8,5Nm/° 13,7Nm/°
ω arm = 5°/s ω arm = 20°/s ω arm = 50°/s